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Abstract 
 
 In order to better understand the development and spread of cancer, the methods by 
which cells communicate and disseminate information must be closely examined.  As such, 
membrane proteins are an important target in modern cancer research due to their role in 
cellular signalling cascades.  Disruption of these cascades can lead to abnormal cell growth 
and the onset of cancer.  Therefore, characterising the recruitment and action of such 
membrane proteins is a key facet of the Single Cell Proteomics (SCP) initiative. 
 This thesis lays out work on the use of optical trapping methods to study membrane 
proteins on single cancer cells.  Optical traps provide a sterile, versatile toolset to manipulate 
single cells, and have been used here to manipulate cells both directly and indirectly.  Direct 
manipulation of cells is used force them into contact to characterise the behaviour of the 
second messenger protein kinase Cε (PKCε).  Particular attention is given both to the stage 
of the growth cycle of cells during recruitment, and to the effects of free calcium in both 
facilitating the accumulation of PKCε, and cell-to-cell adhesion strength.   
 The indirect manipulation of cells takes a different approach to the study of 
membrane proteins, through the use of “Smart Droplet Microtools” as sampling agents.  
Comprised of micron-sized lipid-coated droplets with either a solid or oil core, SDMs 
exchange material with the cellular membrane when brought into contact with it.   These 
SDMs can simultaneously remove membrane proteins from multiple sites on the same cell, 
providing spatial selectivity of the target protein.  The SDMs can then transport the proteins 
downstream to interface with other techniques for further analysis.    This project details not 
only improvements in stability and efficiency of these SDMs, but also provides the first 
examples of the transfer of their cargo onto solid-supported lipid bilayers and antibody 
microarrays for readout.   
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1. Introduction 
 
 The human genome project (HGP) was a tremendous undertaking.  A multi-national 
project to sequence all the genes in human DNA, the HGP took 13 years, supporting 
thousands of jobs, generating billions of dollars of economic benefits, and drawing huge 
public interest.  When the project was completed in 2003 and the dust began to settle, the 
scientific community was left with a vast resource of information, and had to determine what 
to actually do with it.  After all, knowing all of the genes in human DNA is one thing, but 
knowing what they actually mean is another. 
  One way of determining the meaning of all of these genes is to take the question a 
level up: what about the proteins that these genes code for?  Those proteins form key parts 
of the cellular machinery, determining how the cell acts and communicates both internally 
and externally.  Thus, to study proteins in cells is to study how the cell that generates and 
contains them acts. 
 The study of cells is undeniably interesting and important to mankind, for it is cells 
that control our bodies, repair our skin, grow our hair and run our immune system.  When 
these cells malfunction, the consequences can be disastrous. Breakdowns in internal and 
external cellular signalling can lead to cells ignoring the apoptotic signals that should end 
their lives naturally, and becoming cancerous.  Cancer is one of the most pressing problems 
in the world today, affecting almost everyone either directly or indirectly.  To find treatments 
and cures for it requires understanding of its mechanisms at the basic, cellular level.  With all 
of this in mind, the Single Cell Proteomics (SCP) project was formed.  The project combines 
techniques from biology, chemistry and physics to bring a multi-disciplinary approach to the 
study of proteins in single cancer cells.  It aims to tackle proteomics using novel approaches 
to cell handling and readout, providing both qualitative and quantitative analysis in the 
process. 
 
1.1. Single Cell Proteomics 
 
 If a cell’s genome describes its DNA and acts as a “blueprint” for what that cell is 
capable of, then its complement of proteins, or proteome, defines what the cell actually does.  
Only by studying the proteins in cells can one learn how the cell actually functions and 
interacts with both its immediate environment, and other cells.  Single cell proteomics can be 
9 
 
thought of as the meeting of two separate but related fields: proteomics and single cell 
analysis. 
 
1.2. Proteomics 
 
 Proteomics is the study of the proteome, the set of proteins encoded by the 
genome1.  It has become a broad field, encompassing not only the study of proteins from a 
given cell, but also their structure, modifications and isoforms, interactions and more 
besides2.  Proteomics is particularly important in the study of diseases and the development 
of drugs to combat them3, as the majority of drug targets are proteins.  Cancer, in particular 
is a good example of a target for so-called disease proteomics4, as it arises from 
malfunctioning protein-signalling, leading to the disruption of apoptosis and the onset of 
tumour formation.  Proteomic methods can be used to determine early signs of cancer, 
before malignancy, leading to the possibility of early diagnosis and improved survival rates.  
Ovarian cancer, for example, has a 5-year survival rate of 35% when diagnosed in the late 
stage compared to 80%+ for the rarer case of early stage diagnosis5.  Petricoin et al.6 used 
proteomic methods to create a mass spectrometry-based test for early detection of ovarian 
cancer, with 100% sensitivity and 95% specificity.  Results such as this show the value of 
proteomics research in medicine, and justify the considerable interest in the field. 
 The mass spectrometry approach used by Petricoin is not unusual in proteomics, and 
it remains the dominant protein identification technique in the field.  Mass spectrometry 
measures the mass-to-charge ratio of the charge particles generated by ionisation, typically 
performed on proteins using either the matrix-assisted laser desorption/ionisation (MALDI) or 
electrospray ionisation (ESI)7.  Work using mass spectrometry is usually preceded by protein 
separation using 2D gel electrophoresis, dividing proteins by their isoelectric points (pIs) and 
molecular weights  before analysis8.  This approach allows for the identification of hundreds 
of proteins in a single sample, and can be easily automated for even higher throughput.  It 
does, however, suffer from a couple of notable drawbacks.  Firstly, and most importantly, it is 
constrained to the most abundant proteins in a given sample.  Secondly, it is a destructive 
technique, leaving no sample behind for further analysis. 
 Other approaches to proteomics tend to be array-based, with the most ubiquitous 
being the two-hybrid screen pioneered by Fields et al.9.  Here, the interaction of two proteins 
can be studied by fusing them with the activating and binding domains of a reporter gene.  If 
the two proteins interact, the binding and activating domains will be brought into close 
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enough proximity to cause transcription to occur, and output of the reporter gene can be 
measured.  More recent variants on array-based proteomics have shrunk down the scale of 
their investigations, using a selection of microarrays to capture analyte from samples10.  
These techniques provide a more focussed, considered approach to proteomics than mass 
spectrometry methods, which gives unbiased protein discovery on a large scale.  
Conversely, array-based methods allow for a more directed study of a particular subset of 
proteins. 
 
1.3. Single Cell Analysis 
  
A complementary field to proteomics is that of single cell analysis which, broadly, 
seeks to better clarify and understand heterogeneity in biological samples11.  Bulk 
measurements of biological samples can be misleading, returning averaged results which 
have no real biological basis.  A simple example of this is shown in figure 1, where from bulk 
measurement of the expression level of a protein within a population of cells, it is impossible 
to determine what is actually happening on a cellular level.  The misleading properties of 
bulk measurements can also be seen on gene expression in Jurkat cells12, where siRNA left 
cells with either partial or full knockdown, but a measurement of expression across the whole 
population was representative of neither.  Reducing these misleading measurements is 
particularly important when working very heterogeneous cell types, such as stem cells13. 
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1. Misleading bulk measurements in biological samples 
 
 A measurement of the expression level is taken from a population of cells (left).  From this 
result, the original population may have been comprised of cells in two discreet states (black 
and white circles) or all in intermediate states of expression (grey circles).  As the bulk 
measurement cannot differentiate between these two very different scenarios, it is a deeply 
misleading result. 
 
 As with proteomics, single cell analysis is directly relevant to medical research.  On a 
basic level, working with extremely rare cell types, such as circulating tumour cells14, in 
clinical samples necessitates a single cell approach in order to maximise the information 
gained.  More generally, the analysis of certain kinds of disease hinges on identifying and 
understanding the differences between diseased and healthy cells.  For example, searching 
for biomarkers for early diagnosis of cancers comes down to studying the difference 
between cancerous and healthy cells in a given population.  Investigating the behaviour of 
genes and proteins which are over-expressed in cancer cells can provide insights into how 
they malfunction and lead to cancer. 
 While single cell analysis shares the same type of readout methods discussed for 
proteomics, there is often an increased emphasis on controlling the cell’s environment, and 
manipulating the cell within that environment.  In particular, many research groups rely 
heavily on microfluidic chips15 in order to provide a controlled environment for their single cell 
experiments. Within these chips, cell handling is often of paramount importance, often 
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requiring both on-chip separation methods16, and the ability to handle cells individually 
through techniques like optical trapping17. 
 
1.4. Thesis Outline 
  
This thesis presents work on the manipulation of single cells for proteomic analysis.  
The goal of the project was to develop optical trapping techniques for both qualitative and 
quantitative analysis of membrane proteins in immortalised cell lines.  This was approached 
through both direct manipulation of single cells to monitor protein distribution in differing 
spatial arrangements of cells, and indirect manipulation using Smart Droplet Microtools 
(SDMs) to directly extract sample membrane proteins from the cell.  In addition, work was 
performed towards the development of a readout method for the SDMs, with the goal of 
quantifying the material removed from the cell.  The thesis is structured as follows, with 
relevant background information contained in the individual chapters: 
Chapter 2 describes a series of experiments where the behaviour of Protein Kinase Cε 
(PKCε) in HEK 293 cells is monitored in response to contact with other cells.  The 
accumulation at points of cell-cell contact is of particular interest, as it mirrors similar PKCε 
accumulation at the midpoint of two daughter cells in late-stage mitosis.  A potential link 
between these behaviours is examined by varying the mitotic state of the two cells in 
contact. 
Chapter 3 expands the work with PKCε to test its accumulation at contact points in response 
to both free calcium, and contact with external bodies other than cells.  The link found 
between PKCε accumulation and Ca2+ presence is particularly surprising, as PKCε is usually 
classed as a Ca2+-independent isozyme of PKC.  PKCε response to non-cellular external 
pressure suggests that this accumulation may be solely in response to deformation of the 
cytoskeleton. 
Chapter 4 switches focus to indirect manipulation of single cells with the development of 
SDMs for use in a holographic trapping system.  The results here expand previous work with 
SDMs to both make them more practical for sustained use, and to better understand the 
mechanisms by which they act.  The new form of SDM developed is not only easier to 
manipulate with optical tweezers, but also provides a new coating more suitable for 
extraction and transport of membrane proteins. 
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Chapter 5 describes the trialling of two potential methods for readout of the SDMs: solid-
supported lipid bilayers (SSLBs) and antibody microarrays.  SSLBs are shown to be viable 
targets for the unloading of SDM material, demonstrating the first transfer of material from a 
live cell, to a SDM and finally onto a readout platform.  Evidence for the antibody microarray 
is inconclusive, but promising, especially considering that it is this readout method that can 
provide absolute quantification of the material removed by the SDM. 
Chapter 6 presents the conclusions of this thesis, and briefly discusses the future prospects 
for this work. 
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2. Protein Kinase Cε Recruitment at Points of 
Cell-Cell Contact in Single Cancer Cells 
 
2.1 Introduction 
 
 Optical traps (also known as optical tweezers) provide a flexible tool for 
micromanipulation with a broad range of applications.  In particular, the inherent sterility in 
contactless manipulation, and the ease of fitting an optical trapping system to a 
commercially-available inverted microscope, makes them a natural fit for investigating 
biological problems.   In cellular biology, optical tweezers can be applied either directly, to 
trap and steer entire cells, or indirectly, by manipulating “handles” attached to either cells or 
molecules.  The first case has broad applications as a cell sorting techniques, while the 
second allows for measurement of interaction forces on a micro- or nano-scale.  In single 
cell proteomics, optical traps have a clear use in the sorting and positioning of single cells for 
downstream analysis, allowing individual cells of interest to be easily selected from a general 
population. 
 In direct cell manipulation, a notable class of protein which can be studied are 
membrane proteins, which often perform important role in cell-signalling cascades.  By 
attaching fluorescence tags such as green fluorescent protein (GFP) to these membrane-
bound proteins, a map of their location can be visualised across a single cell.  These cells 
can then be trapped and manipulated into new arrangements to test how the proteins 
respond to changes in external stimuli. 
 Membrane-bound proteins are of particular interest in cell biology due to their role in 
signalling pathways.  External signals are translated by these proteins, starting signalling 
cascades of proteins and ions which lead to relevant intracellular responses.  One important 
membrane protein is the second-messenger protein kinase Cε (PKCε)18.  PKCε is an 
oncoprotein, making it of special importance in cancer research, that is involved in an array 
of cellular functions, including the separation of daughter cells in late stage mitosis19. 
 This part of the project shows experiments with direct manipulation of single cancer 
cells with optical tweezers in order to investigate the recruitment of PKCε.  By placing cells in 
new configurations, the accumulation of PKCε at contact points can be examined to 
determine what situations lead to preferential PKCε recruitment.  This work presents 
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demonstration of the potential use of optical traps in single cell analysis, and acts as a 
gateway to more involved experiments on the role of PKCε in single cells.  
 
2.2. Optical Trapping in Biology 
 
 As mentioned previously, optical traps are tools with immediate applications in the 
biological field.  Their sterility and flexibility lead to the use of optical tweezers in a wide 
variety of applications in both direct and indirect manipulation in biology. 
 
2.2.1. Optical Traps 
 
The modern state of optical trapping can be traced directly back to work from Ashkin 
in 197020 and 198621.  Ashkin’s optical traps, or “optical tweezers”, as they are sometimes 
known, work by exploiting the balance between the scattering and gradient forces which 
occur on a small refractive particle in a beam of light.  Both of these forces arise due to 
radiation pressure from the incident light, but affect the target particle in separate ways.  The 
scattering force is due to the scattering of incident light on the target particle and acts in the 
direction of light propagation with an amplitude proportional to the light’s intensity.  In 
contrast to this, the gradient force is proportional to the spatial gradient of the light field and 
acts to push the particle towards the beam’s focus, making it the force responsible for 
trapping.  This is illustrated schematically in figure 2, using the ray-optics regime.  Particles 
are thus trapped in a tightly focussed beam of coherent light at the point where the gradient 
and scattering forces are balanced22.  This will typically be just above the focus of the 
trapping beam, usually from a laser source, as the scattering force always acts in the 
direction of beam propagation, while the gradient force is oriented towards the focus. 
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2.  Gradient Forces in an Optical Trap 
 
The origin of the gradient force on a small particle with a larger refractive index than its 
surrounding media, as seen in the ray-optics regime.  The rays of light from the focussed 
laser source (1 & 2) are refracted by the target particle, changing their path and momentum.  
In return, the rays of light exert an equal and opposite force on the particle, given by F1 and 
F2.  The off-axis components of these forces cancel each other out, leaving a restoring force, 
FT, directed towards the focus of the laser beam.  
 
 The characterisation of the forces acting on the particle is determined by the size of 
particle relative to the wavelength of the trapping laser.  For cases where the size of the 
particle is significantly larger than the laser’s wavelength, the trapping forces can be well-
described by a ray-optic picture23, or the Mie regime, while when the size of the particle is 
significantly smaller than the wavelength, it may be treated as a point dipole24 and 
characterised thusly.  In this regime, the scattering and gradient force can be separated and 
are given for a sphere by: 
 
        
     
 
,    
       
   
 
    
    
      Equation 1 
 
for the scattering force, and: 
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     Equation 2 
 
for the gradient force.  Where a is the radius of the sphere, σ is its scattering cross section, c 
is the speed of light in a vacuum, λ is the wavelength of the incident light, I0 is the incident 
light’s intensity, nm is the index of refraction of the medium and m is the ratio of the index of 
refraction of the particle to that of the medium       ⁄ . 
 For particle sizes comparable to the wavelength of the trapping light, however, 
characterisation of the trapping forces is not so straightforward.  Here, neither of the above 
approximations is valid and a more thorough electromagnetic approach becomes necessary 
for a fuller description.  Examination of the recent progress in this region25, however, reveals 
that the fundamentals remain unchanged:  trapping still results from the balancing of the 
scattering and gradient forces on the target particle.  The approach used by Rohrbach et 
al.26 for characterisation is not trivial, and so in this regime, it is usually more practical to 
determine the trapping forces experimentally.  Unfortunately, the single human cancer cells 
that this project focuses on lie within this region, being several micrometres in diameter and 
comparable to the wavelength of the infra-red laser commonly used for trapping work. 
 
2.2.3. Biological Applications of Optical Traps 
 
 In the years since their inception, optical traps have proven to be a valuable tool in 
investigating biological problems, finding use in a variety of different situations27.  It was 
Ashkin himself who first brought optical traps into the field of biology through the trapping 
and manipulation of motile and Escherichia coli bacteria28.  Since then, the field has 
developed broadly along two lines:  Trapping and manipulation of “handles” attached to the 
biological matter of interest, and direct manipulation of the biological matter itself.   
 
2.2.4. Indirect Trapping in Biology 
 
 The method of attaching “handles” to the biological matter of interest is now well-
established.  An easily-trapped particle (usually polystyrene or silica beads29) is attached to 
a cell or molecule of interest, and used to examine the its properties indirectly.  This 
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technique has proved particularly useful for investigating the mechanical properties of single 
molecules, especially DNA30.   A good example of how the application of optical trapping 
methodology can lead to increased biological understanding can be seen in a series of 
experiments into how RNA polymerase (RNAP) transcribes DNA into messenger RNA 
(mRNA) (see figure 3).  In initial experiments by Schafer et al.31, RNAP molecules were 
attached to a glass coverslip and allowed to transcribe DNA bound to gold beads, which 
could then be observed by light microscopy (3a).  This experiment was then extended by Yin 
et al.32 and later Wang et al.33 to use optical traps to allow for measurements of the “stalling 
force” on the RNAP, that is, the level of applied force (through trap stiffness) at which the 
RNAP can no longer transcribe the DNA (3b).  Finally, Abbondanzieri et al.34 used the 
“dumbbell” model to measure the size of the steps that the RNAP moves along the DNA 
(3c). 
 
3.  Comparison of DNA-RNAP-mRNA experiments 
 
 (a)31:  Original experiment performed by Schafer et al.  (b)29:  Summary of experiments by 
Yin et al. and Wang et al.  (c)34:  “Dumbbell” setup used by Abbondanzieri et al. 
 
 It is the spring-like properties of the optical trap that are of particular use in many 
biological applications.  When the target particle is displaced from the centre of the trap, the 
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force it feels is approximately proportional to the distance it has been displaced, in the same 
way as a Hookian spring with the trap stiffness acting as its spring constant.  This property of 
optical traps has facilitated investigations into the stepping behaviour of kinesin35, the force 
exerted during the binding of myosin to an actin filament36, the elasticity of titin37, and the 
mechanistic behaviour of DNA38, 39.  In a twist of this formula, trapped microbeads can be 
pushed against cells to apply a constant, measurable force to determine cellular response to 
external factors40. 
 In addition to using optical tweezers to investigate physical properties of biological 
matter, they have proved useful as an aid to visualisation.  By attaching DNA to a “handle” 
and then trapping the handle within a flow, the DNA is stretched out and can be viewed with 
fluorescence microscopy.  From this technique, direct observation of the DNA relaxation41 
and the movement of RecBCD enzymes on DNA42 is possible. 
 
2.2.5. Direct Cellular Manipulation 
 
 Optical traps can also be used to manipulate single cells directly.  While trapping, 
care needs to be taken to avoid photo-damage to the cells being trapped43, 44.  Avoiding 
photo-damage is usually done through careful selection of the power and wavelength of the 
trapping laser.  Controlling the trapping power is generally not an issue, as a few milliwatts of 
laser power produces trapping forces in the pico- or femtonewton range45, which is usually 
enough to trap individual cells.  For wavelength selection, it is usual to use a laser operating 
in the infrared:  a neodymium: yttrium-aluminium-garnet (Nd: YAG) at 1064nm is a common 
choice24.  This is due to minimum in the absorption spectra of water lying in this region, thus 
leading to a decrease in the heating of the target cell as a result of the trapping laser. 
 Early direct manipulation experiments examined the flagella of tethered E. coli  by 
trapping and rotating the bacteria around the tether46.  Red blood cells (RBCs) have since 
proven to be a pliable target for trapping experiments, thanks in part to their malleable 
membrane which allows for a greater degree of manipulation.  Bronkhorst et al. have used 
optical tweezers to investigate the ability of RBCs to recover from deformative stress47 and 
their method of aggregation48, for example.  Such direct manipulation of cells provides a 
flexible, sterile alternative to traditional methods for this, such as micropipettes, and has led 
to a variety of new applications.  Cells can be optically stretched by dual laser beams to 
investigate properties of their cytoskeleton49.  Kulin et al. have directly trapped large vesicles 
and then fused them using a pulsed ultraviolet laser50.  By filling the vesicles with different 
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chemicals, Kulin et al. propose to create a “microreactor”, which could be of use in both 
biological and chemical research. 
 
2.3. Protein Kinase Cε 
 
 Proteins, such as the second messenger Protein Kinase Cε are an important part of 
the cellular membrane.  Acting as a mediator for external signals, second messenger 
proteins play key roles in the development of a cell.  Disruption of signalling cascades can 
lead to uncontrolled cell proliferation and cancer, and as such, being able to understand the 
role of an individual cell’s signalling proteins in different situations is a crucial part of modern 
cancer research. 
 
2.3.1. Protein Kinase C and Its Isozymes 
 
 PKC is a second-messenger protein that is recruited and activated through the 
phosphoinositide pathway51.  In this pathway, an external signal to the cell membrane 
activates phospholipase C (PLC), which catalyses the hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PIP2).  This catalysis yields inositol-1,4,5-triphosphate (IP3), which is released 
into the cytosol, and 1,2-diacyglycerol (DAG), which remains associated with the membrane.  
Both IP3 and DAG are second messengers, and both play a role in the activation of PKC.  
IP3 is polar, which allows it to diffuse through the cytosol and open Ca
2+ channels in the 
membrane of the endoplasmic reticulum, causing the release of stored Ca2+ ions52.  The 
molecules in the increased Ca2+ concentration then act with DAG to activate the membrane-
bound PKC, which is then able to phosphorylate other proteins.  Figure 4 illustrates this 
recruitment and activation.  
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4.  PKC Activation 
 
 (1):  PLC splits PIP2 into IP3 and DAG.  (2):  IP3 is released into the cytosol.  (3)  IP3 opens a 
Ca2+ channel on the endoplasmic reticulum.  (4):  Ca2+ ions are released.  (5)  Ca2+ and DAG 
cooperate to activate PKC. 
 
Not all PKC need be membrane bound, however.  PKC positioned at the membrane 
can be phosphorylated by phosphoinositide dependent kinase (PDK)53, 54.  After 
phosphorylation, PKC shifts to a mature conformation and is released into the cytosol.  Once 
in the cytosol, mature PKC can be attracted by the release of Ca2+ ions and activated by 
DAG and Ca2+ as usual. 
 There are a variety of isozymic forms of PKC, which are broadly classified into three 
categories.  The first forms to be discovered were the α, β, and γ55, which are referred to as 
conventional PKC (cPKC).  This is the most studied and best understood class of PKC.  The 
later discovery of other forms of PKC18, has led to two additional classes:  novel PKC 
(nPKC) comprising the δ, ε, θ, and η isoforms, and atypical PKC (aPKC), encompassing the 
ζ, and ι isoforms.  The nPKCs are similar to the cPKCs, but are insensitive to Ca2+, requiring 
only DAG for their activation.  The aPKCs are not only insensitive to Ca2+, but also DAG56.  
Recently, a fourth class of PKCs has been discovered, dubbed PKC-related kinases, or 
PRK57. 
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 All members of the PKC family share a variety of conserved domains in their primary 
structures.  These structures consist of two distinct regions, the amino-terminal regulatory 
and the carboxyl-terminal catalytic, connected by a proteolytically labile “hinge”53 (see figure 
5).  In the regulatory region, the C1 domain is characterised by the presence of two 
repeating zinc-finger motifs, C1A and C1B58.  This domain provides DAG binding in cPKCs 
and nPKCs, but is compromised in the atypical C1 domains of aPKCs, stopping the binding 
of DAG59.  The C2 region confers Ca2+ binding to cPKCs and also in a variety of other 
proteins60, but the C2-like region in novel PKC does not.  PKCs also possess a 
pseudosubstrate, which provides allosteric regulation and is released from the kinase core 
during their activation61.  Finally, the kinase domain in the catalytic region provides ATP and 
substrate binding for after the activation of PKC. 
 
5.  Primary Structure of PKC 
 
Green:  pseudosubstrate.  Red:  C1.  Yellow:  C2 in cPKC and C2-like in nPKC.  Blue:  
Kinase 53. 
 
2.3.2. Protein Kinase Cε at Cellular Interfaces 
 
Recent work by Saurin et al. shows a role for PKCε at the cellular interface during 
cytokinesis19.   The final stage of the cell cycle, cytokinesis sees the daughter cells 
generated through the earlier phases of mitosis separating into independent entities62.  
During this phase, the morphology of the cell is characterized by a “dumbbell” shape with 
each side housing a nucleus which will eventually belong to the resultant cells.  The two 
separating cells are connected by a cytoplasmic bridge that is reshaped by a contractile ring 
comprised of filamentous actin and myosin, directed by the GTP-ase RhoA.  The 
configuration is illustrated schematically in figure 6.  Cytokinesis is an important mechanism 
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in cell biology, especially with regards to cancer, as failing cytokinesis promotes tumour 
formation63. 
 
6.  Animal cell undergoing cytokinesis 
 
Schematic of an animal cell undergoing cytokinesis.  The contractile ring is shown in red, 
and draws the cleavage furrow deeper until both cells separate. 
 
 Saurin et al.’s work shows that PKCε is necessary for cytokinesis to complete, and 
that inhibition of PKCε leads to a failure to complete mitosis.  During cytokinesis failure, 
PKCε accumulates and localizes heavily around the cleavage furrow and contractile ring 
areas of mitotic cells (figure 7).  As this accumulation occurs, it is apparent that the actin in 
the contractile ring is not being depolymerised, and as such the two cells cannot pull apart.  
A pair of intracellular factors contributes to this result in addition to PKCε:  the protein 14-3-3, 
and the GTP-ase RhoA. 
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7.  PKCε accumulation during cytokinesis 
 
Accumulation of PKCε at the daughter cell interface during cytokinesis.  Here, PKCε has 
been inhibited with the drug Na-PP1, leading to an accumulation of the fluorescently-tagged 
PKCε at the cleavage furrow (indicated by red arrows)19. 
 
 The proposed pathway for PKCε’s involvement in closing the contractile ring and thus 
completing cytokinesis is shown in figure 8.  After phosphorylation, PKCε assembles into a 
complex with 14-3-3, which accumulates at the cleavage furrow to control RhoA’s action with 
GTP, and thus disassemble the contractile ring and allow daughter cell separation.  This 
picture raises some interesting questions for PKCε’s role in the cell.  Primarily, what is acting 
as a signal to draw the PKCε to the contractile ring?  There appears to be two primary 
options:    
(1) An intracellular signal arising as a result of mitosis. 
(2) An extracellular signal indicating cell-cell contact. 
 
Depending on which of these is true, PKCε would either have a specific role in daughter cell 
separation during mitosis, or a more general role in restructuring the cell’s cytoskeleton.  
Such a general role is certainly possible, especially given the PKCε’s known binding site with 
actin, a major component of the matrix that comprises the cytoskeleton64, 65. 
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8.  PKCε recruitment pathway 
 
Schematic of the pathway that leads PKCε to the cleavage furrow during cytokinesis.  First, 
PKCε experiences phosphorylation by PKC, p38 and GSK3, before forming a complex with 
the protein 14-3-3, and finally moving the cellular interface to control RhoA in its role in 
abscission of the contractile ring19. 
 
2.4. Materials and Methods 
  
The goal of this section of the project is to better define the role of PKCε in the 
restructuring of the cellular membrane.  Initial work by Saurin et al. (unpublished), showed 
some patches of PKCε accumulation at points of other points of cell-cell contact in addition 
to the mitotic furrow during daughter cell separation.  This could indicate that PKCε has a 
more general role in cytoskeletal restructuring, as it may be being drawn to these contact 
points as the membrane is deformed.  In order to investigate further, a method of micro-
manipulation is needed in order to move cells into contact both with each other, and external 
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objects.  The use of optical traps provides for this, and has the added advantage of being 
integrated simply onto a standard fluorescence microscope. 
 
2.4.1. Trapping and Microscopy  
 
The trapping experiments were conducted on a dual-optical-trap system built onto 
the rear port of a Nikon TE2000-E microscope (figure 9).  Linearly polarised incident laser 
light from the laser source (IPG Photonics YLM-5, 5W, 1070nm) is directed onto a polarizing 
beam splitter (PBS), creating two orthogonally-polarized beams.  Each beam then passed 
through a λ/4 wave plate (W) oriented at 45˚ to the vertical.  Acting as a λ/2 wave plate in 
double pass via the two steering mirrors (M1, M2), these serve to swap the polarisation 
states of the two beams such that they recombine on the output of the beam splitter into the 
microscope.  This setup allowed for independent manipulation of each trap in x and y 
through the control of actuators fitted to each steering mirror (NSA-12, Newport, 11mm 
range, 0.1μm resolution). 
 The two steering mirrors were then imaged with a 1X telescope (L1, L2) onto the 
pupil plane of the microscope objective (60X, 1.2 Numerical aperture (NA), water immersion, 
Nikon) in order to create optically conjugate planes at the beam splitter and the back 
aperture, and ensure correct trap movement.  Due to the output of the fibre laser having a 
diameter of 8mm, no additional beam expansion was required to fill the back aperture of the 
objective.  The trapping beams are fed into the microscope light path via a dichroic mirror 
beam-splitter (B1) such that imaging tasks in the visible and near IR can still be carried out 
as normal.  A further blocking filter was used in the imaging path to prevent any reflected 
trapping light from reaching the camera or microscope user via the eyepieces. 
 Fluorescence illumination was provided through a mercury lamp, incorporated into 
the system through a FITC cube located below the trapping dichroic (Z900DCSP, Chroma).  
Data from the entire system was collected through a cooled digital camera (ORCA-ER, 
Hamamatsu), which captured both fluorescence and bright-field images from the sample.  
This camera was located on the left side port of the microscope, giving 100% transmission.  
This set-up has already proved its robustness through use in related optical trapping 
applications66. 
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9.  Dual optical trap system 
 
Schematic of dual optical trap apparatus.  I1, trapping laser; W1, W2, quarter-wave plates;  
PBS, polarizing beam splitter; M1, M2, 1064nm dielectric mirrors; A1, A2, A3, A4, motorized 
actuators; L1, L2, focal length=100mm planovex IR AR-coated refocusing lenses; B1, IR 
trapping dichroic; B2, FITC dichroic; I2, mercury lamp excitation input. 
 
The two traps are controlled through a mouse-driven interface on the attached 
computer, a HP Workstation with a 3.60GHz Pentium 4 processor and 2 GB of RAM.  The 
interface was designed in LabVIEW by Dr Peter Lanigan, and provides independent control 
over each trap (figure 10), along with controls for the acceleration and velocity of their 
movement.  Data capture is provided through taking static images of the field of view used 
for trapping and observation. 
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10.  Dual optical trap user interface 
 
LabVIEW Interface for control of dual optical traps.  The trap positions are controlled in the 
trapping window by selecting their position with a mouse click.  The acceleration and speed 
of the trap movement can also be adjusted. 
 
2.4.2. Tissue Culture 
 
 The cells used in the experiments were HEK 293 cells using Tetracycline-Regulated 
Expression (T-REx, Invitrogen) for fluorescent tagging of PKCε.  The fluorescent tagging of 
PKCε allows for the visualisation of its cellular distribution under fluorescence illumination.  
Two separate cell lines were cultured continually:  Wild type (PKCε-WT) and mutant (PKCε-
M486A).  The PKCε-M486A line features the M486A (sometimes known as the Shokat) 
mutation, making the PKCε-M486A cells susceptible to inhibition through the Tyrosine 
Kinase inhibitor Na-PP1 (Merck).  Both cell lines were cultured in Dulbecco’s Modified 
Eagles Media (DMEM, Invitrogen), supplanted with 10% Foetal Bovine Serum (FBS, 
Invitrogen), 100μg/ml Hygromycin (Invitrogen) and 100μg/ml Blasticidin (Invitrogen). 
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 Prior to experimentation, the cells were incubated with 100ng/ml tetracycline for 18-
24 hours in accordance with standard T-REx protocol67.  Just before trapping, the cells were 
detached during an exponential growth phase through incubation with Accutase (PAA) for 5 
minutes.  The cells were then diluted with 3 parts of supplanted DMEM, before 1ml of the 
solution was pipetted onto a coverslip prepared with Sigmacote (Sigma) to minimise 
unwanted surface adhesion. 
 Na-PP1 is a selective ATP competitive inhibitor which blocks PKCε action in M486A 
cells by competitively blocking its ATP binding site.  It is important to note that due to the 
competitive nature of the inhibition, Na-PP1 in no way affects the recruitment of PKCε within 
the inhibited cells.  Under Na-PP1 inhibition, PKCε is recruited as usual, but is unable to 
complete its function at recruitment points, and remains at these points essentially 
indefinitely, and certainly longer than the timescale of these experiments.  Thus, the 
application of Na-PP1 allows the points of recruitment of PKCε to be easily visualised in 
target cells.  When it was applied, Na-PP1 was used at 4μM concentration, and introduced 
to the cells just prior to optical trapping. 
 
2.4.3. Trapping Experiments 
 
 Once the cells had been pipetted onto a coverslip and introduced to the microscope, 
the target cells were selected.  The selection criteria for cells to be used in the experiments 
was that the two cells must show intact membranes with PKCε localisation, visualised 
through its fluorescent tag, and be approximately the same size.  These cells were then 
trapped with approximately 100mW of laser power at the sample plane, and brought into 
contact with each other, which was judged by eye.  Still images in both bright-field and 
fluorescence were then acquired before the cells were brought into contact, immediately 
after contact, and at 5 and 10 minutes thereafter (figure 11).  New cells were introduced after 
30 minutes in accordance with earlier viability tests68, or immediately if too much membrane 
damage (“blebbing”) was observed on the current target cells (figure 12).  Thus, up to three 
pairs of cells were examined before a new sample and coverslip was introduced.   
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11.  Optical trapping experiments 
 
Two target cells were selected, trapped and brought together at t=0, and then monitored in 
both bright-field and fluorescence for 10 min. Cells of approximately equal size and 
fluorescence intensity are selected in order to aid with data processing. 
 
12.  Examples of non-viable cells 
 
 
Examples of non-viable cells.  These cells were rejected due to excessive membrane 
damage, indicated with red arrows, and characterised by bubble-like protrusions from the 
cell wall, sometimes known as “blebbing”. 
Time 
 
Trap 1 Position Trap 2 Position 
00 min 
 
05 min 
 
10 min 
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2.4.4. Data Analysis 
 
 Wide-field fluorescence images obtained from the trapping experiments were 
examined with the use of “Vision Assistant” software from National Instruments.  The 
fluorescence images of the trapped cells were analysed by taking a line profile across both 
cells, and then normalised with the highest fluorescence intensity value set to 1.  This gives 
a plot of relative fluorescence across the system, which translates into a map of PKCε 
localisation. 
 In order to compensate for additional fluorescence in the cell, such as Golgi staining, 
the line profiles for each set of cells were “symmetrised” before being averaged together to 
give general PKCε localisation patterns for each cell type (figure 13).  This symmetrisation 
was performed by averaging each line profile with its mirror image, defined as if the line 
profile was taken right-to-left instead of left-to-right.  In order to standardise the 
symmetrisation process, all line profiles used were 90 pixels in length, and aligned to the 
contact point of both cells, shown in figure 14.  Symmetrisation was then performed using 
the data taken from the Vision Assistant software in Microsoft Excel.  This process gives a 
clearer indication of whether or not PKCε is localised to the point of cell-cell contact as 
compared to its average level (baseline) in the rest of the cell.  From the symmetrised graph, 
the peak fluorescence at the midpoint where two cells touch can then be compared to the 
baseline level and be contrasted with the other data sets.  Figure 15 shows from where 
these measurements were taken on the symmetrised graphs. 
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13.  Principle of "symmetrisation" 
 
Principle of “symmetrisation”.  (A), Right-to-left line profile; (B), Left-to-right line profile; (C) 
Symmetrised line profile 
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14.  Line profile alignment 
 
Alignment of line profile for symmetrisation.  The line profile (shown in orange) is 90 pixels in 
length and centred on the contact point of the two cells, becoming the midpoint of the 
symmetrised line profile. 
 
15.  Measurements taken from symmetrised fluorescence profiles 
 
Measurements taken from symmetrised fluorescence profiles.  (A) is the fluorescence at the 
point of cell-cell contact, (B) is the baseline fluorescence across both cells, and (C) is the 
fluorescence accumulation at cell-cell contact. 
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2.5. Results and Discussion 
 
 To determine the extent of PKCε’s role in cellular response to external cell contact, 
preferential accumulation of PKCε was studied at points of cell-cell contact.  The role of the 
cell cycle was also examined in PKCε recruitment in order to see if any accumulation was 
affected by the initial presence of PKCε at the mitotic furrow.  This work was analysed using 
the “symmetrisation” method discussed previously, in order to better differentiate between 
preferential accumulation and cellular noise. 
 
2.5.1. Accumulation of PKCε at Cell-Cell Interfaces 
 
 Using the procedure described in 2.4.3. Trapping Experiments, pairs of HEK 293 
cells were brought into contact in their growth media using optical traps.  Target cells were 
selected to be of similar size, and have approximately the same levels of fluorescence, in 
order to allow them to be analysed by considering line profiles across their interface.  This 
was important, as if one cell were considerably brighter than the other, it could lead to 
artefacts during the symmetrisation process.  The cells were held in contact for 10 minutes 
and then released, in order to minimise possible damaging heating effects from the traps68.  
This procedure was repeated for combinations of both M486A and Wild Type cells, both with 
and without Na-PP1. 
 Line profiles across both cells were then examined to look for evidence of 
accumulation at the cellular interface.  After symmetrisation (2.4.4. Data Analysis), each data 
set was averaged, and then the average central peak of cellular fluorescence was compared 
to the average base level across both cells.  As shown in figure 16, M486A cells inhibited 
with Na-PP1 showed a significantly larger increase in relative fluorescence as compared to 
all other data sets.  This indicates a recruitment of PKCε to the cellular interface during cell-
to-cell contact in interphase cells, an example of which is shown in figure 17.  Such 
recruitment has been seen previously in cells in late-stage mitosis19, but not previously in 
two interphase cells.  The small (10%) increase in relative fluorescence seen across all data 
sets is likely the result of having two fluorescent edges close to each other at the cell-cell 
contact point.  The Wild-Type cells show similar levels of accumulation with and without Na-
PP1 addition, as expected, and the difference between their accumulation levels and that of 
the uninhibited M486As may be due to small changes in PKCε expression or recruitment as 
a result of the mutation. 
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16.  Changes in accumulation of PKCε at the cell-cell interface between 2 interphase 
cells 
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Changes in accumulation of PKCε at the cell-cell interface between 2 interphase cells.  The 
increase in relative fluorescence shown here indicates how much more PKCε is present at 
the interface as compared to the rest of the system.  The large accumulation for M486A 
+PP1 cells shows that PKCε is being recruited to points of cell-cell contact.  The small levels 
of accumulation in other cell populations may be due to transient PKCε recruitment, while 
the lack of increase due to addition of PP1 to WT cells shows that the mutation in M486A is 
functioning correctly. 
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17.  Images of inhibited cells 
 
Fluorescence (left) and false-colour images of two interphase M486A cells under inhibition 
from Na-PP1 exhibiting PKCε localisation at their contact point (red arrows).  The blue and 
red boxes show the position of the optical traps during this arrangement. 
 
2.5.2. Effects of the Cell Cycle on PKCε Recruitment 
 
 Other configurations of cells were then examined to determine whether the 
accumulation of PKCε at cellular contact is completely independent of the mitotic state of the 
cell.  Using the optical traps, cells in late-stage mitosis could be selected based on the 
development of two connected daughter cells, and moved into contact with either other 
mitotic cells, or interphase cells.  The late-stage mitotic cells were selected by eye, which 
was straightforward due to the cells having detached from the surface, making it clear which 
cells were undergoing mitosis, and which cells were simply two interphase cells stuck 
together.  The difference between the two options is shown in figure 18, below.  Figure 19 
and figure 20 show the increase in relative fluorescence at the cell-cell contact point for 
configurations of one mitotic and one interphase cell, and two mitotic cells respectively.  
From these figures, it can be seen that the addition of PP1 leads to an increase in 
fluorescence at the cellular interface in both cases, and thus that PKCε is being recruited to 
the contact point irrespective of the cells mitotic state.  Examples of this accumulation are 
shown in figure 21. 
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18.  Selecting mitotic cells from the general population 
 
Selecting mitotic cells from the general population.  A clear separation can be seen between 
A and B, even though they are attached to each other, indicating that they are not currently 
undergoing mitosis.  However, the cleavage furrow can clearly be seen between C and D, 
and their membrane stretches across both cells, indicating that they are mitotic. 
 
19.  PKCε accumulation - mitotic and interphase cells 
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Accumulation of PKCε at Cell-Cell Interfaces of 1 Mitotic and 1 Interphase Cell. 
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20.  PKCε accumulation - mitotic cells 
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Accumulation of PKCε at Cell-Cell Interfaces of 2 Mitotic Cells. 
 
21.  Images of inhibited interphase and mitotic cells 
 
Fluorescence (left) and false-colour (right) images of one interphase and one mitotic (top) 
and two mitotic (bottom) M486A cells under inhibition from Na-PP1 exhibiting PKCε 
localisation at their contact point, indicated by a red arrow.  The red and blue boxes show 
the position of the optical traps. 
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 During these experiments, no transient PKCε membrane localisation was observed 
prior to accumulation at points of cell-cell contact.  This could be a result of either sensitivity 
of detection (localisation occurring below the resolution of the microscope, occurring on too 
short timescales to be detected without constant use of the mercury fluorescence lamp), the 
suspension behaviour of the cells, or some combination of the two.  Whatever the cause, the 
lack of transient PKCε membrane localisation indicates that PKCε retention on the plasma 
membrane is poor in response to normal physiological stimuli, and thus that the 
accumulation observed is likely a result of catalytic activity.  This behaviour does not change 
depending on the cells’ respective stage in the growth cycle. 
 While these experiments show that PKCε accumulation can be induced by any point 
of cell-cell contact, irrespective of the cells’ progress in the cell-cycle, they do not indicate 
whether this accumulation is related to that observed at the mitotic furrow.  In order to probe 
this, the signalling pathway that leads to PKCε recruitment at cell-cell contacts was 
examined through altering the target cells’ free calcium levels.  This work is discussed in 
Chapter 3. External Effects on Protein Kinase Cε Accumulation. 
 
2.6. Conclusions 
 
 Optical traps have been employed to study the recruitment of PKCε at points of cell-
cell contact.  Through direct trapping and manipulation of individual cells, it has been shown 
that PKCε accumulates preferentially at points of contact between two cells.  Furthermore, 
this recruitment is independent of the cell’s stage in their growth cycle – it occurs between 
two interphase cells, two mitotic cells, and one interphase and one mitotic without bias.  This 
work suggests that PKCε may have a more general role in cytoskeletal restructuring, beyond 
depolymerisation of the contractile ring in late-stage mitosis. 
 The next step for this work is to take a more details at what factors affect the 
recruitment dynamics of PKCε to these points of cell-cell contact, and what external stimuli 
can induce the recruitment in the first place.  The expansion of these experiments is 
discussed in the next chapter, External Effects on PKCε Accumulation. 
  
40 
 
3. External Effects on Protein Kinase Cε 
Accumulation 
 
3.1. Introduction 
 
 So far in this project, the use of optical traps has revealed a new point of recruitment 
for PKCε at cell-cell contact, independent of the mitotic state of the cells involved.  In order to 
better characterise this recruitment, questions need to be asked about the nature of the 
process.  Signalling pathways in cells are affected by a variety of differing factors, and 
different levels of these factors such as external stimuli or the second messengers carrying 
signal, can have drastic effects on the outcome of those pathways.  By attempting to disrupt 
the signalling pathway that leads to PKCε recruitment in this way, more details can be 
determined on the type of pathway that it is.  Additionally, more information on the pathway 
can be gained by trying to initiate PKCε recruitment in ways other by contact with another 
cell.  If the response does not appear to other external stimuli, it may suggest that 
intercellular signalling is responsible for the recruitment. 
 In this chapter, work is presented on further exploration of the PKCε recruitment in 
response to external contact.  There are two main areas of focus here: disruption of the 
signalling pathway, and induction of the recruitment by a different method.  Calcium 
chelation was picked for signalling disruption, due to both its ubiquity in most signalling 
networks (see 3.2. Calcium Signalling) and that normal PKCε  recruitment is unaffected by it.  
Recruitment was then attempted to be induced through the use of polystyrene beads, 
selected as an easy substitute for a second cell in the experimental process. 
 
3.2. Calcium Signalling 
 
 Of all the myriad factors which affect and regulate cellular life, calcium ions (Ca2+) are 
one of the most ubiquitous, and arguably the most major contributor to cell signalling along 
with phosphate ions69.  The action of Ca2+ can be broadly categorised into 4 steps70: 
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1. Stimuli triggers Ca2+-mobilization signals 
2. Ca2+-mobilization signals active “on” mechanisms to introduce more Ca2+ into the 
cytoplasm 
3. Ca2+ acts as a messenger for a variety of different processes 
4. Ca2+ is removed from the cytoplasm by the “off” mechanisms of various pumps and 
exchangers. 
The interaction of these steps is illustrated schematically in figure 22, below. 
 
22.  Calcium signalling pathways 
 
Relationship of the steps involved in Ca2+ signalling pathways.  Stimuli leads to a generation 
of mobilizing signals, which in turn activate the “on” mechanisms, causing the level of Ca2+ to 
rise to 5 to 10 times its resting level.  After the Ca2+-sensitive processes are complete, the 
“off” mechanisms activate to reduce Ca2+ back to its resting level70. 
 
 A distinguishing feature of Ca2+-signalling is that it often involves Ca2+-induced Ca2+ 
release, as the two primary channels of release for Ca2+ stores, inositol 1,4,5-triphosphate 
receptor (InsP3R) and ryanodine receptor (RYR)
71, are activated by Ca2+ itself.  As InsP3R 
and RYR then release more Ca2+ from the cell’s internal stores, Ca2+ signalling tends to 
occur in spikes72 or waves73, with longer periods of activation being best accomplished by 
periodic cycles of these signals74.  After its signalling functions are complete, Ca2+ levels are 
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reduced by numerous pumps75 and exchangers76, with Na+/Ca2+ exchangers releasing Ca2+ 
out of the cell, while sarco-endoplasmic reticulum ATPase (SERCA) pumps returning it to 
internal stores.  A key player in both the “on” and “off” steps of Ca2+ signalling is the 
mitochondrion77, which not only draws in free Ca2+ rapidly, but also releases it slowly when 
signalling needs to be reactivated. 
 The core Ca2+ signalling pathway is the PIP2 to IP3 & DAG network which leads to 
PKC activation, discussed in 2.3.1. Protein Kinase C and Its Isozymes, though it has 
broader applications as well.  Neuronal transmission78, muscle contraction70, and the 
secretion of fluid and enzymes from the pancreas79 are all dependent on Ca2+ concentration.  
Ca2+ levels also play an important role in cell motility80, with the lowering of Ca2+ levels being 
a method for easy detachment of adherent cells. 
 
3.3. Materials and Methods 
 
 In order to better determine the nature of PKCε accumulation at cell-cell contact 
points, small changes were affected to the trapping methods discussed previously in 2.4.3. 
Trapping Experiments.  In particular, the aim was to probe the effects of altering the 
signalling pathway through disruption of the target cells’ free calcium, and also to examine 
the effects of pure external stress on the cell membrane and cytoskeleton. 
 
3.3.1. Additions to Trapping Protocols 
 
 Calcium was removed from the cell media during experiments through the use of the 
chelation agent ethylene glycol tetraacetic acid (EGTA) (Sigma), which was introduced to the 
media for re-suspension of cells at 4mM concentrations.  This had the effect of chelating the 
free calcium in the suspension media.  The trapping experiments then proceeded as 
described in section 2.4.3. Trapping Experiments. 
For experiments with beads, 20μm and 5μm polystyrene beads (Fluka) were used.  
The experiments were then performed in a similar manner to those with two cells (described 
in section 2.4.3.).  A cell (selected by the same criteria as for the original PKCε experiments) 
was trapped in one trap, and a bead in the other.  They were brought into contact, and 
monitored in both bright-field and fluorescence for 10 minutes.  The procedure is shown in 
figure 23.  
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23.  Optical trapping experiments with polystyrene beads 
 
Optical trapping experiments with polystyrene beads.  Cells and beads are trapped and 
brought into contact, then monitored in bright-field (top) and fluorescence (bottom) for 10 
min.  The scale bar is 5μm. 
 
3.3.2. Data Analysis – Cells and Beads 
 
 When beads were included in the experiments, the results were analysed slightly 
differently.  As the beads are non-fluorescent, the symmetrised line profile approach is 
inappropriate as the edge of the cell would be averaged with the very low fluorescence level 
at the edge of the bead, leading to an erroneously low baseline value.  Instead, 
measurements of fluorescence level were taken at the edge of the cell touching the bead, 
and compared with the fluorescence level measured at the opposite edge to give the relative 
accumulation at the point of contact. 
 Measurements of fluorescence intensity were taken at the cell edge in contact with 
the trapped bead, and at the opposite edge of the cell (shown in figure 24).  These 
measurements were taken in National Instruments’ Vision Assistant software, and then their 
ratio was taken to give the percentage difference in fluorescence intensity at the contact 
point of the cell and bead. 
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24.  Data analysis of cells and beads 
 
Data analysis of cells and beads.  Fluorescence intensity was measured at the edge of the 
cell in contact with the bead, and at the opposite edge, highlighted by orange circles.  The 
red and blue boxes show the position of the optical traps. 
 
3.3.3. Estimation of Trapping Force 
 
 For work on the cell-to-cell adhesion strength, the force exerted by the optical traps 
needed to be estimated.  This force was estimated simply through the Stokes’ drag on 
moving cells.  For the sake of simplicity, and as only the order of magnitude of the force was 
of interest, Faxén’s correction for objects in flow close to a surface was not applied.  Cells of 
equivalent size were trapped at a set laser power at one end of the field of view, and moved 
across to the opposite end.  The actuator, and thus trapping, speed was increased 
incrementally and the experiment was repeated.  When the cell came loose from the trap, 
Stokes’ drag and the optical trapping were considered equivalent, and thus the trapping 
force could be estimated from the trap speed according to: 
rvFd 6        Equation 3 
Where Fd is the drag force on the particle, η is the viscosity of the medium, r is the radius of 
the particle, and v is its velocity.  
The results are shown in figure 25, giving the estimated force for a variety of applied 
currents.  Above the maximum current shown, 1.60A, the cells no longer came loose from 
the traps at maximum velocity, and thus the force could no longer be estimated.  With this in 
mind, the current driving the trapping laser was never increased above 1.60A in any 
experiment, including the cell-cell detachment experiments. 
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25.  Optical trapping forces on 15μm cells 
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Force applied by optical traps to 15μm cells.  No error is given for 1.60A, owing to some cells 
not detaching from the traps at this power. 
 
3.4. Results and Discussion 
 
 In order to better characterise the nature of PKCε recruitment, the effects of both 
EGTA and external pressure with a polystyrene bead were tested.  Disruption to recruitment 
by EGTA would indicate Ca2+ as a factor in whatever signalling pathway causes PKCε 
accumulation, while seeing a response from the external pressure could rule out intercellular 
signalling as a major factor in recruitment.  
 
3.4.1. Effects of EGTA on PKCε Accumulation 
 
 EGTA was added to the experimental media in order to chelate the free calcium, and 
the experiments were repeated with M486A cells.  The results are shown in figure 26 and 
figure 27.   
 
46 
 
26.  Effects of EGTA on PKCε accumulation 
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Changes in accumulation of PKCε at cellular interfaces in the presence of EGTA. 
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27.  Images of cells under the influence of EGTA 
 
 
Fluorescence (top) and false-colour (middle) images of two pairs of interphase M486A cells 
under inhibition from Na-PP1 exhibiting PKCε localisation at their contact point, with and 
without EGTA.  The addition of EGTA leads to a significantly stronger localisation effect, 
seen not only in the false-colour images, but also in the symmetrised line profiles (bottom) 
provided. 
 
The addition of EGTA induces a significantly greater accumulation of PKCε at the 
cellular interface both in the presence and absence of Na-PP1.  That the increase due to 
EGTA occurs irrespective of the presence of PP1 indicates that EGTA is affecting a 
fundamental change in how PKCε is either recruited to or dissociated from the cell-cell 
interface.  To investigate whether EGTA affects the recruitment or dissociation of PKCε from 
the cellular interface, the experiments were repeated with additional data taken every minute 
to observe the recruitment dynamics.  After repeating the symmetrisation analysis 
procedure, the recruitment dynamics are shown in figure 28.  The rate of accumulation is 
essentially the same in the presence and absence of EGTA, indicating that PKCε’s 
recruitment rate is unchanged by the addition of EGTA.  As the recruitment dynamics of 
PKCε are the same in presence of EGTA, it can be concluded that the dissociation of PKCε 
is reduced by EGTA to produce the stronger accumulation.   
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28.  Accumulation rates 
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Comparison of accumulation rates in the presence and absence of EGTA.  The two sets of 
data give similar accumulation rates, with the cells in the presence of EGTA showing a 
greater increase in PKCε at their contacts, as expected.  The source data is the same as 
that in figure 26. 
 
This conclusion is further supported by the observation of “patches” of PKCε on un-
trapped cells during the experiments (figure 29).  These patches seem to be the result of 
previous cell-to-cell contact, and likely linger as a result of a decreased dissociation rate of 
PKCε from the points of contact. 
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29.  "Patches" of PKCε accumulation 
 
 
Fluorescence image of M486A cells +EGTA, +Na-PP1, showing “patches” of PKCε 
accumulation.  T1, Position of Trap 1; T2, Position of Trap 2; P1, P2, P3, Examples of 
“patches”.  The “patches” are not contact points with another cell, yet remain visible, 
providing evidence of a decreased dissociation rate of PKCε. 
 
3.4.2. Effects of EGTA on Cell-to-Cell Adhesion Strength 
 
 The results from the experiments with EGTA were passed on to Victoria Crossland at 
Cancer Research UK, who then conducted further experiments with adhesive cells on a 
confocal microscope.  The results, illustrated in figure 30, show that the addition of EGTA to 
adhesive cells causes the cells to detach, with the exception of M486A cells in the presence 
of Na-PP1. 
 
  
T1 
T2 
P1 
P2 
P3 
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30.  Effects of addition of EGTA to adherent cells 
 
Effects of addition of EGTA to adherent cells.  (A), Wild type cells before, and after addition 
of EGTA; (B), Shokat cells inhibited with Na-PP1 before, and after addition of EGTA.  For the 
wild type cells, addition of EGTA causes the cells to round up and detach from the surface.  
In the case of Shokat cells under the influence of Na-PP1, the only discernible effect seen 
from EGTA is a strengthening of the accumulation at points of cell-cell contact.  No 
detachment is seen here. 
 
Earlier observations during trapping experiments with cells without EGTA showed 
that after two cells had been brought into contact and held for 10 minutes, detachment using 
the optical traps was particularly difficult.  To test whether EGTA also affected the cell-to-cell 
adhesion strength in addition to cell-to-surface strength, a series of detachment trials were 
conducted.  After cells had been held in contact for 10 minutes, attempts were made to pull 
the cells apart by moving the traps in opposite directions, and steadily increasing the laser 
power. 
 The trapping force during these experiments was estimated using the Stokes’ drag 
method described in 3.3.3. Estimation of Trapping Force.  From these estimations, the 
separation was first attempted at ~25pN, and then the force was increased to 39pN, then to 
(B) 
(A) 
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45pN, and finally to 55pN.  These estimations compare favourably with more rigorous 
analysis seen in previous investigations of trapping force81, which reports the trapping force 
from a 1064nm laser on polystyrene beads on the order of 10s of picoNewtons. 
It was found that the addition of EGTA made separation of cells considerably more 
difficult (figure 31).  Without EGTA, nearly 1 in 3 pairs of cells could be separated, as 
compared to less than 1 in 10 pairs in the presence of EGTA. 
 
31.  Percentages of cell pairs able to be detached using optical traps 
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Percentages of cell pairs able to be detached using optical traps.  Undetached cell pairs 
could not be separated at the maximum trapping force of approximately 55pN.  Detached 
cell pairs could be completely separated and then manipulated independently.  Semi-
Detached cell pairs could be pulled apart so that the cellular interface was no longer visible 
by eye, but could not be independently manipulated. 
 
 Additional, complementary work using fluorescence recovery after photo-bleaching 
(FRAP)82, 83 was performed by Victoria Crossland at Cancer Research UK.  A small area of 
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the cell had its GFP rapidly bleached, and then the recovery was monitored and fitted to the 
exponential model: 
 
         
    ⁄     
    ⁄       Equation 4 
 
where I is the fluorescence intensity (in arbitrary units) and T1 and T2 are time constants.  
Two time constants are used (compared to the usual one) to model both a fast-diffusing 
cytosolic PKCε population, and a slow-diffusing membrane-bound one.  This work found an 
increase in the time constant T1 at the membrane in the presence of EGTA, with the mean 
value rising from 3.56 (±0.35) with Ca2+, to 4.65 (±0.35) without.  This indicates a slower 
turnover of PKCε at the cellular membrane in the absence of Ca2+, which agrees with the 
observation seen in the trapping experiments that PKCε dissociates more slowly in the 
presence of EGTA.  Interestingly, the FRAP work saw no difference in PKCε behaviour at 
the cytokinetic furrow is unaffected by EGTA, suggesting that the mechanism that PKCε is 
involved with there is completely different from that which draws it to other points of cell-cell 
contact. 
 
3.4.3. Accumulation as a result of bead contact 
 
 The introduction of polystyrene beads to the trapping experiments was intended to 
determine if the accumulation of PKCε is purely a response to cell deformation, cell-to-cell 
signalling, or some combination of the two.  These experiments turned out to be significantly 
more difficult than expected.  20μm beads were used initially, but presented problems in the 
manner in which they would slide over and under the cells that they were pushed against.  At 
100mW trapping power it was exceptionally difficult to hold the bead level with the target cell 
as the bead was not held strongly at the laser’s focus.  This resulted in the bead obscuring 
the area of contact with the cell, making data analysis essentially impossible.  Increasing the 
trapping power was not an option here, due to the twin traps being generated from the same 
source beam via a beam-splitter, individual trap strength could not be adjusted separately.  
Thus an increase in trapping power would lead to increased power on the trapped cell, and 
possible photo-damage.  With this in mind, the size of bead was changed in an attempt to 
mitigate the problems.   The switch to 5μm beads alleviated the problem of the area of 
contact being obscured, but presented problems with general manipulation of the bead, as 
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the beads appeared to be too light to trap stably.  The beads would often come loose from 
the traps in the middle of an experiment, causing much data to have to be abandoned.   
 The data set for M486A cells +PP1 is shown below in figure 32, and shows a 
histogram of accumulation responses to beads in M486A cells under the influence of Na-
PP1 over time.  These histograms start centred around a near-zero (5%) increase in 
average fluorescence at the edge of the cell nearest to the bead compared to the rest of the 
cell, showing that there is initially no preferential PKCε localisation to that point before 
contact is made.  The mean of the histogram (and its Gaussian fit) then increases at both 5 
and 10 minutes, indicating a growing average level of fluorescence at the contact point of 
cell and bead relative to the rest of the cell.  This indicates that PKCε localises preferentially 
to points of contact between cells and bead.  Such localisation suggests that the 
accumulation of PKCε to contact points can occur solely under the influence of any external 
pressure, without being driven by cell-to-cell signalling.  To put it another way, signalling 
from a second cell is not required for an increase in PKCε level at a cellular contact point.  
These distributions also broaden over time (as seen from the full width half-maximum 
measurements in Table 1), showing the sort of cell-to-cell variation in this response that is 
expected.  Time constraints unfortunately cut this work short, so in order to provide a fuller 
analysis of how much of the accumulation effect is due to external pressure compared to 
cell-cell signalling, a more complete data set is needed, including information on Shokat cells 
without Na-PP1, and Wild Type cells both with and without the presence of Na-PP1.   
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32.  Accumulation in PKCε due to bead contact 
 
Accumulation in PKCε due to bead contact for 26 M486A +PP1 cells.  The histogram (top) 
shows the change in distribution of the percentage change in fluorescence at the bead 
contact over time, compared with the opposite edge of the cell.  The bottom graph shows 
Gaussian fits of the data sets in order to aid visualisation of their shapes and relative 
positions.  The shift in distribution to the right over time indicates a trend of growing PKCε 
level at the contact point. 
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Table 1:  Gaussian fit parameters for PKCε accumulation due to bead contact 
Time Centre Point Full Width Half Maximum Adjusted R-Square 
00 min 5.59 ± 0.489 22.1 0.968 
05 min 19.8 ± 2.64 39.0 0.729 
10 min 23.5 ± 3.00 49.0 0.748 
 
Parameters for the Gaussian fits for PKCε accumulation due to bead contact in M486A 
+PP1 cells. 
  
 These initial experiments provide evidence that the mechanism recruiting PKCε to 
points of cell-cell contact is not the same as that which draws it to the cytokinetic furrow 
during late-stage mitosis.  It appears that any external force will induce a PKCε response to 
the point of contact.  It is hard to tell if the reduced PKCε recruitment from bead contact is 
due to the lack of external signalling from the second cell, or simply a matter of reduced 
force being applied due to the handling difficulties described above.  Had time constraints 
not curtailed this part of the project, this work would have been expanded with data on the 
response of WT cells, and the effects of EGTA on cell-bead accumulation. 
  
3.5. Conclusions 
 
 Work in this chapter has further explored the recruitment of PKCε in the cellular 
membrane by testing the effects of both Ca2+ and external pressure from objects other than 
cells on PKCε recruitment.  Surprisingly, Ca2+ has a dramatic effect on PKCε recruitment, 
leading to substantially increased signals after its chelation with EGTA.  PKCε is classified 
as a Ca2+-independent isozyme of PKC with respect to membrane recruitment, though 
results here indicate that its dissociation rate is greatly affected by Ca2+.  There are almost 
no precedents for this dependency in PKCε, which suggests that the mechanism of its 
recruitment to these points of cell-cell contact represents the discovery of a new role for 
PKCε within the cell.  More evidence for this new role for PKCε is seen in its apparent 
accumulation at points not only of cell-cell contact, but also cell-bead contact.  Similar 
experiments with cell-bead contact have been performed by Icard-Arcizet et al.40, 84 and 
found increased actin recruitment in areas around the contact point, likely as a result of 
cytoskeletal restructuring.  PKCε co-localises with actin at the cytokinetic furrow during 
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contraction of the actin ring in late-stage mitosis, so it is not inconceivable that the 
recruitment of both PKCε and actin to points of cell contact are related.  In order to test this 
hypothesis however, the current work with PKCε-GFP transfected cells and beads must be 
expanded to include fluorescent tagging of actin as well, to judge the scale and rates of both 
types of recruitment. 
 The current work here on PKCε, however, stands as an example of the power of 
optical traps to ask and answer biological questions that other techniques cannot.  Simple, 
direct trapping of PKCε-GFP transfected cells has revealed a new type of previously-unseen 
PKCε recruitment.  The non-contact nature of optical traps allows for manipulation of the 
target cells without concerns over sterility and additional contact points that would arise from 
working with say, micropipettes.  The experiments could then be easily expanded to learn 
more about the nature of this particular type of PKCε behaviour by altering parameters in the 
experimental media, revealing a surprising Ca2+-dependency that distinguishes membrane 
recruitment from that at the mitotic interface.  While this works remains strictly qualitative, it 
still shows the possibility of using optical traps in the field of single cell analysis. 
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4. Development of Smart Droplet Microtools 
for the Extraction of Membrane-Bound Proteins 
 
4.1. Introduction 
  
So far, the work presented in this thesis has focussed on the relative position and 
level of membrane-bound proteins within single cells.  In order to draw quantitative 
conclusions about such proteins, however, they must first be removed from the cell 
membrane.  Traditional methods of extraction tend to involve some type of cell lysis85, such 
as chemical86 or laser-based87, but the trauma and destruction caused by these methods not 
only raises questions about the biological relevance of proteins removed in this way, but also 
stop the cell being examined repeatedly to assess changes in its proteins behaviour.  A 
better method of membrane protein removal then, would leave the cell-membrane mostly 
intact, removing the proteins into a similar environment, and allowing the cell to be re-
assessed later, or from a different point on the membrane. 
 A tool has been created for exactly this kind of protein extraction: the Smart Droplet 
Microtool (SDM).  Developed by Lanigan et al. the SDM comprises of micron-sized oil-core 
droplets coated with either a lipid monolayer66 or a detergent mixture88, and are used to 
remove material from the cellular membrane while maintaining cell viability.  Optical traps 
are a good manipulation option for these tools, allowing SDMs to be held and brought into 
contact with their target cells.  As such, spatially and temporally selective removal of 
membrane proteins can be achieved. 
 The chapter presents work on the expansion and redevelopment of the SDM as a 
practical tool for single cell proteomics.  The addition of multiple holographic traps requires 
greater stability from the SDMs than oil-cores can provide.  In addition, new approaches are 
taken to the coating of the SDMs in order to provide a more suitable environment for protein 
transfer. 
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4.2. Holographic Optical Traps 
  
While it is relatively straightforward to create dual optical trap setups through the use 
of beam-splitters, the number and patterns of optical traps which they can create is limited.  
By placing a diffractive optical element (DOE) in the path of the trapping laser, it is possible 
to use holographic principles to modify the wavefront of the incident laser and create a new 
pattern of optical traps.  Traditionally in holography, an interference pattern is created 
through the interference of a reference laser, and laser light illuminating the object.  This 
interference pattern, when illuminated again with the reference beam, will reconstruct an 
image of the original object.  This original object is not actually needed if one can determine 
the interference pattern that it would give.  Thus, by calculating the interference pattern 
necessary to create a hologram of a certain “object”, say, some arbitrary pattern of optical 
traps, this interference pattern could then be used to generate the desired pattern of optical 
traps17. 
 Such arrays of traps were initially made through insertion of a static DOE into a 
typical optical tweezers setup89.  Even such a static pattern of traps can be useful 
experimentally, providing, for example, particle sorting within a microfluidic flow90 by using 
each trap to slightly deflect incident particles to a degree determined by their physical 
properties.  A more practical and flexible application of this techniques, however, comes 
through the use of computer-controlled DOEs91.  By having a computer generate the 
required interference pattern on the fly, moving patterns of traps are generated which can be 
used to give greater flexibility in standard trapping experiments, or to create more complex, 
3-dimensional geometries92.  
 
4.2.1. Spatial Light Modulators 
 
 The use of on-the-fly computer generation of interference patterns has been made 
possible through the advent of the spatial light modulator (SLM), opening up a range of 
possibilities for dynamic manipulation of holographic optical traps.  There are two types of 
SLMs, each with varying advantages and disadvantages:  the twisted nematic SLM, and the 
ferroelectric SLM.  Both generate their interference patterns by applying a voltage across a 
liquid crystal (LC) and altering the polarisation state of incident light.  Twisted nematic SLMs 
use the nematic liquid crystal phase, where the LC molecules have long-range directional 
order.  This allows them to act like “threads”, slowly twisting themselves to smoothly connect 
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the alignments of the LCs on the far ends of the chain.  It is this property that allows twisted 
nematic SLMs to finely modulate the phase of incident light by an arbitrary amount.  This fine 
phase-modulation comes at a cost, however, as the realignment of the LC molecules to new 
states is slow, limiting the speed at which the SLM can be updated.  The ferroelectric SLM, 
conversely, only allows the phase-switching between two states, but offers the significant 
advantage of the faster response time93 that is vital for real-time trap manipulation.  For this 
reason, the ferroelectric SLM is more appropriate for use in the optical trapping applications 
with multiple, independent traps used in this project. 
 The ferroelectric SLM uses the smectic C liquid crystal phase for its operation94.  In 
this phase, the LC molecules have both positional and directional order, as seen in the 
smectic layers into which they are organised (figure 33).  For an ideal ferroelectric SLM, the 
tilting angle θ will be 45˚, and switching between the two possible states of the smectic LC 
essentially produces the effect of switching a half-wave-plate (figure 34).  A ferroelectric SLM 
comprises an array of these LCs, and provides a plane on which to create an interference 
pattern for holography by binary phase modulation95. 
 
33.  State switching in a ferroelectric LC 
 
Illustration of switching of the states in a ferroelectric LC.  The red blocks show the 
orientation of the LC molecules.  Here, n is the LC director, P is the electrical polarization, 
and θ is the switching angle95.  
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34.  Change of polarization of incident light in a ferroelectric LC 
 
Change of polarization of incident light in a ferroelectric LC.  The orange arrows show the 
polarisation of light before and after contact with the FLC, while the red ovals show the sum 
of the LC director.  In state (a), the polarization of the light is unchanged, while in state (b), 
the ferroelectric LC has been switched, and the polarisation is rotated by 90˚95. 
 
 The ferroelectric SLM can be implanted into an optical trapping setup by combining it 
with other wave-plates or polarising beam-splitters, or a combination of both.  Figure 35 
shows a typical setup for integration of a ferroelectric liquid crystal spatial light modulator 
(FLC SLM) within an optical trapping environment, as used by Hossack et al.96.  Here, the 
polarising cube adjacent to the FLC SLM ensures that the light which reaches the FLC SLM 
has a set polarization state, and then acts as a gate, allowing only the light which has its 
polarization state rotated by the SLM to enter the high NA objective and generate optical 
tweezers. 
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35.  Typical FLC SLM setup 
 
Typical setup for integration of a FLC SLM within an optical trapping environment.  Orange 
lines show the laser path, while green lines depict the bright-field illumination of the 
specimen96.  
 
4.2.2. Hologram Generation 
 
 While the integration of a SLM into an optical trapping system may be relatively 
straightforward, calculating the hologram necessary to create a desired pattern of optical 
traps is not necessarily so.  Holograms either modify the incident light’s phase, amplitude, or 
both.  As the intensity of the trapping light determines the trapping strength in optical 
tweezers, and since modulating the incident beam’s amplitude causes a loss in beam power, 
it is generally preferred to use phase-only holograms to ensure that no trapping power is 
wasted.  This is particularly important when considering the use of polarising elements to 
gate the trapping light (as seen in figure 35), as approximately half of the laser power is 
discarded before it reaches the sample plane.  Through the use of a fast, efficient algorithm 
for the generation of the interference pattern, and a powerful computer to run it, dynamic 
patterns of optical traps can be generated and controlled.  
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A variety of algorithmic methods have been proposed for trap generation, including 
the Gerchberg-Saxton algorithm97, Fresnel zone plates98, generalised phase-contrast99, and 
the binary-phase method100, 101.  Not all of these methods are suitable for both twisted 
nematic and ferroelectric SLMs, so care must be taken to select the appropriate generation 
method.  For a FLC SLM, each pixel on the display has only two possible states (on or off, 
essentially), so the generation method must either generate a binary hologram immediately 
(such as the binary-phase method), or can easily have its output converted into one (such as 
Fresnel zone plates).  In order to make effective use of the properties of a twisted nematic 
SLM, however, a generation method should be picked that does not generated binary 
holograms, such as the Gerchberg-Saxton algorithm. 
 A typical FLC SLM will have 24 bit-planes with a refresh rate of 60Hz102, giving 24 
different frames refreshed 60 times per second.  There is then the question of whether or not 
to multiplex the holograms displayed on the SLM.  For non-multiplexed holograms, the same 
pattern is displayed on all 24 bit-planes, and dynamic control over the trapping landscape is 
possible depending on the speed of the generation algorithm and the computer used to run 
it.  By multiplexing the holograms over time, however, different images can be loaded onto 
separate bit-planes, which are then displayed in order, sharing the laser power across all 24 
bit-planes.  Although in both cases it is the generation algorithm that is key to trap 
generation, the 24 different planes available for display in multiplexing give increased 
flexibility over the trapping pattern and more efficiently distribute the laser power. 
 
4.3. Lipids and Cellular Membranes 
 
 The understanding of the cellular membrane and the lipids of which it is comprised is 
a key factor in single cell analysis.  Many signalling proteins are partially or wholly embedded 
in the cellular membrane, and can affect or be affected by the composition of the lipids 
surrounding them.  For this reason, understanding the behaviour and structure of the lipids in 
bilayers is crucial to a complete understanding of the proteins that reside within. 
 
4.3.1. Biomechanical Properties of Membrane Lipids 
 
There are three primary classes of lipids which form the lipid bilayer component of 
plasma membranes:  glycerophospholipids, sphingolipids, and sterols52 (figure 36).  
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Glycerophospholipids and sphingolipids share a very similar structure, with 
glycerophospholipids having a polar headgroup attached through a three-carbon glycerol 
backbone to two hydrocarbon fatty acid chains, while sphingolipids have their polar 
headgroups attached through a sphingosine backbone which also accounts for one of its 
hydrocarbon chains.  Cholesterol is the most common sterol in animal plasma membranes, 
and contains a fused ring system that makes it more rigid than other membrane lipids. 
 
36.  Chemical structures of lipids 
 
Chemical structure of (A): glycerophospholipids, (B): sphingolipids, and (C):  cholesterol103. 
 
 All of the above types of lipids are amphiphilic:  they contain both hydrophobic and 
hydrophilic regions.  This property causes them to self-assemble into a variety of structures 
when immersed in water104.  For glycerophospholipids and spingolipids, the hydrocarbon 
and fatty acid chains are hydrophobic while the rest of the molecule is hydrophilic.  For 
cholesterol, the entire molecule save the hydroxyl group on carbon-3 is hydrophobic.  The 
amphiphilic nature of these molecules means that when they are in aqueous solution, they 
will orient in order to protect their hydrophobic regions from coming into contact with the H20 
molecules.  This self-assembly is driven by the hydrophobic effect, and causes the formation 
of a variety of structures depending on the number of fatty acid chains and the headgroup.  
Molecules with a single fatty acid chain (such as sodium palmitate) will form monolayers and 
64 
 
micelles due to their headgroups being wider than their tails.  Phospholipids, however, 
contain two fatty acid chains and tend to assemble into a lipid bilayer, which can close into a 
liposome.  Figure 37 illustrates these structures. 
 
37.  Lipid structures 
 
Illustration of the structures of Micelles, Bilayers, and Liposomes103. 
 
4.3.2. Lipid Bilayers and Structural Phases 
  
Lipids that form into bilayer exist in several different phases.  The simplest of these 
phases is the fluid lamellar or Lα phase (figure 38 (a)).  In this phase, the polar headgroups 
of the lipids pack tightly in order to protect the hydrophobic tails from contact with water.  
Two such layers align back-to-back to completely shield the hydrophobic tails within the 
walls of polar headgroups – this lipid bilayer forms the semi-permeable wall used in cell 
membranes105.   
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38.  Phases of lipid structure 
 
Phases of lipid structure.  (a):  The fluid lamellar phase.  (b):  An inverse bicontinuous cubic 
phase, the gyroid.  (c):  The inverse hexagonal phase105.  
 
 Within the biological membrane characterised by a fluid bilayer there is usually a 
great variety of different lipids106.  While many of these lipids will naturally form the lamellar 
phase under physiological conditions, others will form non-lamellar phases under the same 
conditions.  In this way, such phases as the inverse bicontinuous cubic107 (38(b)), and the 
inverse hexagonal108 (38 (c)) are seen.  The formation of such phases can be explained by 
considering the possible shape-structure of the lipids themselves109.  Lipids can be classified 
in terms of the size of their polar headgroup relative to their hydrophobic tails.  This gives 
three different types of lipids, illustrated in figure 39, below.  While the type 0 lipids have a 
predisposition to lamellar phases, type I lipids will form structures with positive curvature 
(e.g. micelles), and type II lipids will aggregate with negative curvature (e.g. inverse 
hexagonal phases).  The tendency of type II lipids to form non-lamellar phases has caused 
them to be often referred to as non-bilayer lipids. 
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39.  Types of lipid and their preferred structure 
 
Types of lipid and their preferred structure.  (A):  Type I lipids have larger hydrophilic heads 
and so tend to form structures like micelles.  (B):  Type 0 lipids form lamellar phases.  (C):  
Type II lipids have larger a larger cross-sectional area occupied by their 
hydrophobic chains than their headgroups so form the inverse hexagonal 
phase110.  
 
 The formation of different phases can also be considered through the concept of 
intrinsic radius of curvature, R0
111.  This theory is based on the assumption that the elastic 
free energy of a single monolayer (μE) is given by: 
 
2
0
)
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RR
kE           Equation 5 
Where k is a constant of elasticity and R is the radius of curvature of the lipid-water interface.  
R0 is a property of the lipid and is positive for type I lipids and negative for type II lipids.  
From these assumptions, each lipid monolayer will curl so that its actual radius of curvature 
matches its intrinsic radius of curvature, thus minimising its free energy.  So, a collection of 
lipids that will tend to form a highly curved monolayer will have a low R0, while a collection 
that will tend to a lamellar bilayer will have a high R0.  
 
  
67 
 
4.3.3. Lipids in the Cellular Membrane 
 
A lipid bilayer is an integral component of the plasma membrane, which is described 
by the fluid mosaic model, as proposed by Singer and Nicolson in 1972112.  In this model, 
proteins are treated as globules suspended in a random (or “mosaic”) distribution of lipids 
(figure 40).  As the membrane proteins are constantly surrounded by lipids, the model 
proposes that the lipids may interact with the proteins, and that these interactions may be 
essential to the proteins’ operation. In this way, the lipid bilayer acts as both a solvent for the 
proteins, and a permeability barrier to stop diffusion across the membrane.  The model also 
allows for lateral diffusion of the proteins in the plane of the bilayer, explaining previous work 
showing the intermingling of proteins across fused cells113. 
 
40.  The fluid mosaic model 
 
Illustration of the fluid mosaic model of a biological membrane112.  The globular proteins are 
seen suspended in a lipid bilayer. 
 
 The fluid mosaic model is based primarily on a lipid bilayer in the Lα phase, but 
consideration of the biology of the membrane helps explain the presence of other, non-
lamellar lipids within the membrane.  Non-bilayer lipids can be used to accommodate 
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differently shaped proteins within the membrane110, allowing the functionality of the proteins 
to be maintained (figure 41), as well as relieving membrane frustration114.  This process can 
be visualised as “fitting” the correctly shaped lipids around the embedded proteins in order to 
accommodate their functional shape or through consideration of the lateral pressure profile 
across the bilayer. 
 
41.  Protein functionality in a lipid bilayer 
 
Use of non-bilayer lipids to maintain protein functionality114.  In (a), non-bilayer lipids (with 
red heads) accommodate the functional shape of the protein, while in (b), Lα lipids do not.  
  
The use of other non-lamellar phases in lipid can be seen in such biological 
phenomena as vesicle formation from the membrane.  In the region of vesicle formation, 
there are dramatic changes in the local radius of curvature.  To reduce the free energy, type 
I and II lipids can be localised here in order to take advantage of their different radii of 
curvature.  In this way, the need for sharp local changes in the membrane’s radius of 
curvature leads to a role for non-lamellar phases in the lipid bilayer. 
 
4.4. Smart Droplet Microtools 
  
Smart Droplet Microtools (SDMs) are micron-sized tools used for the removal of 
proteins from the cellular membrane.  They are comprised of an oil core, functionalised with 
a coating of either lipids66 or detergents88.  The oil core gives SDMs a differing refractive 
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index from the surrounding media, and allows for them to be trapped and manipulated with 
optical tweezers.  Bringing SDMs into contact with single cells, and allowing them a short 
incubation time, leads to a transfer of material from the cell into the SDM, which can then be 
removed using the optical trap.  Their mechanisms of action are not completely understood, 
but it is hypothesised that lipid-coated SDMs fuse with the target cell’s membrane, leading to 
the formation of “tethers” when the SDM is pulled away.  Detergent-core SDMs, conversely, 
are thought to locally solubilise the cell membrane, leading to an exchange of material and 
ensuring that no tether is formed during removal.  Both of these sampling mechanisms are 
shown in figure 42.  SDMs are seen as an important part of the SCP project, providing the 
ability to selectively remove material from a target cell’s membrane, while still leaving the cell 
viable.  This allows for multiple samples from the cell, monitoring the change in its 
membrane protein’s expression levels in response to external stimuli. 
 
42.  Membrane sampling with SDMs 
 
Sampling method based on SDM coating.  (a), (b), and (c) show the formation of a tether 
which occurs when using a lipid-coated SDM65.  (d) and (e) demonstrate a detergent-coated 
SDM sampling without a tether66, 88. 
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4.5. Materials and Methods 
 
 The goal of this section of the project was primarily to develop the SDMs already 
created within the group to be a reliable tool which could be used with a holographic optical 
trapping system to sample from multiple points on the same single cell.  Work initially began 
using the original SDMs in the holographic traps, but progressed to include development of 
both the SDMs themselves, and the chips in which their experiments were conducted.  As 
with the earlier work with PKCε, a variety of physical, chemical, and biological techniques 
were employed to reach these goals. 
 
4.5.1. Holographic Optical Trapping System 
  
The holographic optical trapping work was performed on a TE2000-U inverted 
microscope (Nikon), with a 20W Ytterbium fibre laser used to power the optical traps (figure 
43).  The laser was expanded by a factor of 2.5 through a pair of IR-coated doublets of 
f=40mm and f=100mm respectively(Linos Photonics, QiOptic), to fill the surface of the spatial 
light modulator (CRL-Opto) and maximise its usable area.  Unwanted laser light was then 
removed from the system through two half-wave plates preceding the SLM and a polarising 
beam-splitter (Edmund Optics), directing it into a commercial beam-dump (Thorlabs).  The 
remaining light is reduced by a second pair of IR-coated doublets (f=200mm and f=160mm, 
Linos Photonics, QiOptics), and reaches the back aperture through an IR trapping dichroic 
(Chroma Corp), where it is focussed by a 60x, 1.2 N.A. water immersion objective.  
Fluorescence illumination is provided by a Nikon Intensilight mercury lamp, and images were 
captured on a high-resolution ORCA camera from Hamamatsu, both connected directly to 
the inverted microscope. 
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43.  Holographic optical trapping system 
 
Optical setup of the holographic trapping system.  The incident laser beam is expanded to fill 
the surface of the SLM, which it hits at a low angle of incidence to minimise loss.  The 
polarising beam-splitter is used to discard the wrongly polarised light into the beam dump, 
before the beam size is reduced to the size of the microscope’s back aperture.  
 
 The traps were driven by a home-built program written in a combination of LabVIEW 
and OpenGL, providing up to 24 independently-controllable optical traps (figure 44 and 
figure 45)115.  The program generates Fresnel holograms in a manner similar to Lafong et 
al.102, but calculates them on the computer’s graphic card in order to increase processing 
speed.  This is done through the use of vertex and fragment shaders, and allows for a 
refresh rate of 60Hz per bit plane.  As 24 separate bit planes are used to share laser power 
across the optical traps, the total hologram refresh rate is 24 x 60Hz = 1440Hz.  Having such 
a high refresh rate leaves the total laser power as the limiting factor in how many traps can 
be run at once. 
In addition, controls for introducing aberration correction through Zernike polynomials 
(applied at the binarisation phase of hologram generation)  help to increase trapping 
efficiency.  This is important as the entire system has an optical throughput of approximately 
10%, measured at the pupil plane, due primarily to the poor diffraction of the SLM in the 
infrared.  With the use of a 20W laser, around 6 working traps can be run at once if the full 
power of the laser is used. 
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44.  User interface for holographic optical traps 
 
LabVIEW-based interface for controlling the holographic optical traps.  The user interface is 
spread over two monitors, allowing for the holographic pattern to be displayed on monitor 1 
while the optical traps are controlled on monitor 2. 
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45.  Holographic optical trapping control panel 
 
Specific controls for holographic optical traps.  (a):  camera controls, (b):  trap selection, (c):  
defocus control (set per trap), (d):  Zernike aberration correction 
 
4.5.2. Tissue Culture 
 
 Adherent BE human colon carcinoma cells expressing EGFP-Tk116 (EGFP labelled 
CAAX motif of K-Ras) at the plasma membrane were used for the work with SDMs.  The 
cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM, Invitrogen) 
supplemented with 10% foetal bovine serum.  The cells were split regularly when reaching 
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approximately 80% confluency, where they were washed with sterile phosphate buffered 
saline (PBS, pH 7.4, Invitrogen), before being detached with 5ml of Accutase (PAA).  The 
cells were then diluted to 10% in their culture medium and re-suspended in new flasks 
containing 10ml of the culture medium. 
 When used in the experiments, the cells were washed and detached as described 
above.  Instead of being re-suspended in new media however, 5ml of cell solution was spun 
down in a centrifuge at 1200rpm for 5min in order to compact the cells into a pellet.  The old 
media was then aspirated off, and the remaining cells were gently re-suspended by pipetting 
up and down in either sterile PBS or HEPES buffer, depending on the experiment. 
 
4.5.3. Creation of Oil-Core SDMs 
 
 Oil core SDMs were created based on the original work of Lanigan et al.66, 88, and 
updated where appropriate to test new coatings.  For fusogenic SDM production, the 
anhydrous frozen lipid stocks were mixed at 3:1 DOPE:DOPC, and 5mg of the resultant 
mixture was added to 2ml of hexadecane and 5ml of single distilled water in a clean glass 
vial.  The components were then vortexed to create an emulsion that remained stable over 
several weeks. 
 Detergent-based SDMs were created by adding 1ml of Triton X-100 to 2.8ml of 
distilled water in a clean glass vial.  A hot plate at 50˚C was used to warm the mixture until 
the Triton X-100 had fully dissolved.  After the addition of 7.8ml of heptane and 
approximately 1min of vortexing, a stable emulsion was created.   
 
4.5.4. Creation of Coated Silicon-Core SDMs 
 
The solid-core SDMs were created by coating 1 µm silicon dioxide particles (Sigma) 
with lipids through the method reported by Mornet et al.117.  Liposomes, comprised of a 3:1 
molar ratio of the lipids DOPE and DOPC, were prepared and extruded through a 100nm 
filter.  From previous studies, it is known that this lipid mixture is highly fusogenic due to a 
coexistence of the inverse hexagonal phase and the fluid lamellar phase in a temperature 
range between 5 and 25 °C.118  The preparation and coating buffer used was 10 mM HEPES 
containing 150 mM NaCl at pH 7.4. Two solutions of beads (SAp) and lipid (SAl) were 
prepared separately, both with known surface areas, and combined to achieve the desired 
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lipid/SiO2 ratio of 15:1.
119, 120  The particles and liposomes were then mixed together for 3 
hours under rotation. After thorough mixing, the particle-liposome mixture was centrifuged at 
4.5 rct for 1 min, washed with MilliQ water and finally with HEPES buffer.  This procedure 
causes a lipid bilayer to be formed around the surface of the particle, illustrated in figure 46.   
 
46.  Coating silicon-core SDMs 
 
Principle of coating silicon-core SDMs.  SiO2 particles are mixed with DOPE/DOPC vesicles, 
which leads to a bilayer coating. 
 
4.5.5. Chip Preparation 
 
 Initial work to complete all experiments in microfluidic chips was performed in 
conjunction with Rob Harding, and is described in more detail in his MSci thesis121.  Here, 
the use of microfluidic chips introduced additional complexity to the SDM experiments 
through issues both with manufacturing the chips, and controlling the microfluidic flow within 
them.  In addition, these chips did not provide a significant improvement on SDM/live-cell 
separation compared to the use of a long, flow-less channel separating two chambers.  As 
the primary purpose of using a microfluidic chip was to separate the cells and SDMs prior to 
membrane extraction attempts, it was decided that the environmental control provided by a 
microfluidic chip was unnecessary for the task of optimising SDM sampling.  With this in 
mind, the SDM experiments were performed in simple, single- and multi-chamber chips 
made from either CoverWell perfusion chambers (Grace Bio-Labs), Secure-Seal imaging 
spacers (Grace Bio-Labs) or polydimethylsiloxane (PDMS) attached to a coverslip.  When 
PDMS was used, 4mm round chambers were created using a belt-punch, and connected 
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through a channel cut with a scalpel.  The completed cast was then pressed against the 
coverslip before use.  Irreversible UV plasma bonding was not necessary, as no flow was 
present during the experiments. 
 
4.5.6. Experimental Protocol 
 
 As the SDMs are specifically designed to disrupt and remove material from the 
membranes of the target cells, during removal experiments the SDMs and cells must be kept 
separate.  The initial work on this project (see above) used a separating flow in a microfluidic 
chip to keep the cell- and SDM-chambers isolated from each other.  Such strict separation is 
unnecessary, however, for many cases, as diffusion across two chambers joined by a 4-
5mm channel is sufficiently slow that the cells would degrade naturally (due to being outside 
of their incubator, about 30 minutes) before SDMs would defuse into their chamber.  With 
this in mind, cells and SDMs were loaded separately into the two chambers present on all 
experimental chips (see figure 47), in 50-80μL volumes depending on the chip used.  
 Once loaded with cells and SDMs, the chips were introduced to the holographic 
optical trapping system described in 4.5.1. Holographic Optical Trapping System.  There, 
SDMs were selected and trapped from their chamber, before being transferred to the cell-
chamber by moving the motorised stage holding the chip.  The SDMs were then brought into 
contact with a cell, selected by eye to have an intact membrane, and held there until removal 
with the optical traps.  The experiment is illustrated schematically in figure 47. 
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47.  SDM experimental setup 
 
Example of an experimental set-up used for smart droplet microtool experiments.  The 
chambers are loaded separately, with diffusion across the separating channel being 
sufficiently slow to provide adequate isolation between the cells and SDMs. 
 
4.6. Results and Discussion 
  
As this part of the project had a particular focus on the development of technology, 
both the ease of use and the efficiency of the SDMs were of high importance.  With this in 
mind, the SDMs had to be stable and easily manipulated in the optical traps before their 
sampling efficiency (the rate of success of instigating material transfer with a given SDM) 
could be assessed.  After the work on improving the stability, attention could then be 
focussed on how well the SDMs could remove material from the cellular membrane, and 
what factors would influence this transfer. 
  
4.6.1. Oil-Core SDMs 
  
Initial work on this stage of the project focussed on attempting to integrate previously-
developed SDMs with the holographic optical trapping system.  The goal was to expand on 
the work started by Lanigan et al.66, 88 with the addition of a holographic optical trapping set-
up so that SDMs could be used to sample from multiple points on the same cell.  While this 
goal was accomplished, a series of serious flaws were discovered with the established 
method of SDM use that led to significant changes in their composition and use. 
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 The primary problem with the established method of SDM use was that the oil-core 
SDMs were particularly difficult to trap stably.  The first attempts to make multiple samples 
from a single cell were performed in either open coverslips or mini-wells, which quickly 
revealed a problem with the trapping of oil-core SDMs.  There were a number of factors that 
contributed to this difficulty, primarily: 
1. Tendency to collapse into other SDMs 
2. Low density of SDMs lead to rising out of trapping range 
3. Unstable flows in microfluidic chips 
Much of the difficulty with trapping oil-core SDMs was down to the general instability 
of the sampling agents in solution.  Their tendency to collapse into each other was perhaps 
the most dramatic example of such instability.  The scale and speed of the collapsing varied 
from batch to batch of SDMs, despite efforts to hold the mixing parameters as stable as 
possible, but always affected how easily the SDMs could be trapped.  At their worst, the 
SDMs could collapse into massive aggregate emulsions, rendering the experiment 
completely unworkable.  Figure 48 shows an example of this. 
 
48.  Giant aggregate emulsions 
 
Example of giant aggregate emulsions formed by constant collapsing of oil-core SDMs.  The 
image shows the entire field of view with a 60x objective, approximately 188μm x 143μm. 
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 Another significant issue with the oil-core SDMs’ behaviour was their density.  In 
those cases where the SDMs were initially stable enough to not collapse into each other, the 
low density of the SDMs would lead to them floating out of trapping range.  This would lead 
to a very small window in which to trap SDMs for use in sampling experiments, after which 
most SDMs would have floated out of range of the working volume of the optical traps.    
 In an attempt to better control the experiment environment for the oil-core SDMs, 
work was conducted by a MSci student, Rob Harding, to recreate Lanigan et al.’s 
microfluidic chip set-up121.  While the chip did increase SDM stability, it presented the new 
problem of having to deal with cross-flows too powerful for the optical trap to hold against.  
These cross-flows proved to be extremely difficult to control, which combined with the long 
channel separating the cells and SDMs made the act of transporting an SDM to a cell for 
sampling extremely challenging.  In addition, although the SDMs were more stable than in 
open wells or coverslips, they remained difficult to trap stably, perhaps due to a low 
refractive index difference with the surrounding media.  However, through straightforward 
repetition, the MSci project did produce the first example of multiple sampling events on a 
single cell, reproduced below in figure 49. 
 
49.  Multiple sampling points on a single cell 
 
First example of multiple sampling points on a single cell, produced during Rob Harding’s 
MSci project121.  The three marked SDMs were non-fluorescent prior to contact with the cell, 
which has CAAX-anchored GFP in its membrane. 
 
 The instability of these SDMs, combined with the complexity of the microfluidic chip 
made reproducing the multiple-sampling result extremely difficult.  It was at this point, 
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however, that the experiments were attempted in simple flow-less chips constructed out of 
either long perfusion chambers, or two coverslips sandwiching two chambers in a spacer 
with a channel cut between them, in a “dumbbell” arrangement (see figure 47 in Materials 
and Methods).  While the SDMs remained difficult to trap, their general stability was 
improved to the same level as in the microfluidic chip, but without the problem of cross-flows 
interfering with the optical traps.  In addition, the slow diffusion rate of SDMs and cells 
across the channel provided adequate separation without the need for separating cross-
flows.  While a new approach was needed to SDM production to facilitate stable trapping, a 
new simple chip design had been found in which to test the new SDM models. 
 Finally, some work was performed to see if altering the parameters of oil-core SDM 
creation would result in an increase in trapping stability.  The amount of shaking performed 
by the vortexer was varied for both the stock solution of SDMs, and the experimental dilution 
used for sampling.  Then, the number of SDMs which could be trapped in a single optical 
tweezer was monitored over a period of 20min.  The results are shown below in figure 50 
and Table 2.  While a modest increase in the frequency of trapped SDMs was observed at 
the longer stock shaking time, in practice this did not translate into any greater stability while 
moving the traps around.  These experiments were performed in the simple chips described 
above, and it is worth noting that trapping frequency does not drop off as the experiment 
progresses, reflecting the reduced instability from SDM aggregation and floating to the 
surface. 
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50.  Frequency of trapped SDMs over time 
-2 0 2 4 6 8 10 12 14 16 18 20 22
0
2
4
Time (Minutes)
-2 0 2 4 6 8 10 12 14 16 18 20
0
2
4
-2 0 2 4 6 8 10 12 14 16 18 20 22
0
2
4
6
-2 0 2 4 6 8 10 12 14 16 18 20 22
0
2
4
6
8
 
F
re
q
u
e
n
c
y
 o
f 
T
ra
p
p
e
d
 S
D
M
s
 1min Stock Shake, 1min Sample Shake
 1min Stock Shake, 5min Sample Shake
 5min Stock Shake, 1min Sample Shake
 5min Stock Shake, 5min Sample Shake
 
Frequency of trapped SDMs over time with adjustments for different times of shaking both 
the stock solution of SDMs, and the dilution used for the sampling experiments. 
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Table 2:  Trapping frequency summary 
Trapping frequency 1min stock 
/1min sample 
(SDM/min) 
1min stock 
/5min sample 
(SDM/min) 
5min stock 
/1min sample 
(SDM/min) 
5min stock 
/5min sample 
(SDM/min) 
Mean  1.64 1.7 2.18 2.9 
Standard Deviation 0.64 0.67 0.93 0.74 
Standard Error 0.19 0.21 0.28 0.23 
 
Summary of trapping frequency for varying degrees of shaking of SDM stock solution and 
sample solution 
 
4.6.2. Solid-Core SDMs 
 
 In order to increase the stability and ease of trapping of the SDMs, a new type was 
developed.  This new variety of SDM used a 1μm SiO2 bead as its core, selected due to its 
ease of trapping – this type of particle is often used for alignment work on the optical 
trapping system as it is so easy to trap.  These solid-core SDMs proved immediately easy to 
work with in the optical traps, staying in trapping range for over 30min, not showing any 
particular tendency to aggregate together, and remaining stably trapped for 20min+.  A large 
factor in the ease of trapping of the solid-core SDMs is their increased refractive index 
compared to that of the other cores used for SDM preparation.  SiO2 has a refractive index 
(n) of 1.534, compared to 1.434 for hexadecane, and 1.387 for heptane.  As trapping stability 
increases as the difference in refractive index between the target particle and its 
surroundings grows, this increase in n is likely to have a significant impact on trapping 
stability.  In order to evaluate their value as sampling agents, however, their lipid coatings 
had to be verified. 
 
4.6.3. Verification of Coating Protocols 
 
 Initial work on the verification of the coating of the silica particles was performed by 
Angelika Schrems, a collaborator for some of this work, using zeta potential measurements.  
These measurements were performed using an electrophoretic light scattering device with a 
laser Doppler system (Malvern Instruments) and monitored how the zeta potential changes 
as a result of different pH conditions.  The results, shown in figure 51, show different 
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behaviour based on whether or not the particles underwent the coating procedure, lending 
support to the hypothesis that the protocols led to the formation of a lipid bilayer around the 
particle. 
 
51.  Zeta potential of coated and uncoated silica beads 
 
Plot of the zeta potential of coated and uncoated SiO2 beads against different pH values. 
The isoelectric point of the bare SiO2 beads is 3.18, and for the lipid coated beads 4.37. 
 
 Additional checks on the coating procedure were performed through the addition of 
fluorescently tagged lipids to the lipid mixture, allowing for direct visualisation of which 
particles are coated with a fluorescence lamp (figure 52).  Lissamine Rhodamine DOPE and 
Fluorescein DOPE were used as the fluorescently-tagged lipids, and were introduced at 
0.5mol% to the lipid mixture used for coating.  Still images of the SDMs were then analysed 
with ImageJ122.  A threshold was applied to the bright-field and fluorescence images to 
highlight their respective particles, and the resulting images were combined with an AND 
command.  Finally, ImageJ’s native particle counter was used to count the number of 
particles in the combined image, which could then be compared to the total number of 
particles counted in the bright-field image.  This process gives a total particle coating rate of 
53% for the coating procedure described in 4.5.4. Creation of Coated Silicon-Core SDMs. 
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52.  Images of coated silica beads 
 
Bright-field (left) and fluorescence (right) images of coated and uncoated solid-core SDMs. 
 
4.6.4. Sampling Success Rate  
 
 Experiments involving the solid-core sampling agents were classified in one of three 
categories.  Here, a “successful” experiment is defined as when a bead is held against a cell 
then removed successfully, and after removal, fluoresces, having not showed any 
fluorescence before contact.  In “unsuccessful” experiments, the bead could be removed 
after contact, but showed no additional fluorescence compared to pre-contact levels.  “Stuck” 
beads could not be removed after contact with the cell.  Control experiments were performed 
with uncoated silica beads.  These experiments were repeated on cells from multiple 
passages over a number of weeks to reduce possible effects due to variation in cell 
handling.  The results of these experiments are summarised in Table 3, and an example of a 
successful experiment is shown in figure 53. 
 
Table 3:  Results of sampling experiments 
Solid-Core N Successful % Unsuccessful % Stuck % 
Bilayer-Coated 49 18 43 39 
Uncoated 30 0 33 67 
 
Results of sampling experiments with coated and uncoated silica particles.  Here, N is the 
number of repeats from which the percentages are drawn. 
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53:  Sampling with solid-core SDMs 
 
Bright field (upper pictures) and fluorescence images (lower pictures) of a successful cell 
interaction series with lipid coated SiO2 beads. A) Trapped bead (see arrow) and cell before 
interaction; B) Trapped bead (see arrow) and cell during interaction (3 minutes); C) Trapped 
bead (see arrow) and cell after interaction/uptake. 
 
 The first distinction that the coated-beads had over the previous varieties of sampling 
agents is their uniformity of size.  This allows for more standardised experimental statistics, 
as there much less variation in contact area between experiments when compared to oil-
core SDMs.  This also makes the beads easier to distinguish from cell debris in the buffer 
solution.  Additionally, as beads such as the SiO2 ones used here are used as an alignment 
tool for the optical trapping system, their optical properties are well understood, leading to a 
greater ease of trapping and manipulation when compared to previous sampling agents.  
This means that less trapping power can be used, and, as the trapping power is ½ that used 
in the original work on the SDMs by Lanigan et al. (here, 100mW per trap at the pupil plane 
compared to 200mW66), the target cell and its membrane proteins will be exposed to lower 
laser power, an important concern for cell and protein viability.  In addition, the coated beads 
can be stably trapped for upwards of 30 minutes, unlike oil-core SDMs which start degrading 
at between 3 and 20 minutes in an optical trap. 
 Comparison of the coated and uncoated success rates indicates that the bilayer 
coating is required for sampling.  The significantly higher proportion of “stuck” uncoated 
beads is perhaps a result of lipids in the cell membrane attaching to the beads in the same 
manner that vesicles do when the bilayer-coated beads are being prepared. 
These results compare favourably to Lanigan et al.’s original results with lipid-based 
SDMs.  There, a success rate of 80% was recorded, but resulted in tether formation, leaving 
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the sampling agents attached to their target cells.  The coated beads, while only sampling at 
an approximate 20% success rate, are completely separated from their targets, allowing 
them to be taken downstream for further analysis.  A more direct comparison can be made 
with the detergent based SDMs88, which can be completely removed from the cell, and 
which record a success rate of approximately 70%.  The coated beads do not currently 
match that success rate individually, but due to their ease of trapping, can be multiplexed, 
allowing for (at present) 3 simultaneous sampling events, compared to 1 for the detergent 
SDMs.  As multiple samplings can be attempted at the same time, the chance of at least one 
of the coated beads successfully removing material rises to 48%.  In addition to this, the 
greater stability of the coated beads allows them to remain trapped both longer than 
previous evolutions of SDMs, but also in a wider variety of environments.  Whereas all of 
Lanigan’s previous work was performed in tightly-controlled microfluidic environments with 
separating cross-flows, the work presented here could take place in considerably more 
straightforward chips. 
A more fundamental difference between the results presented here and Lanigan’s 
original work is how the cells are prepared.  Lanigan et al. used trypsin to remove the 
adherent BE cells from their culture flasks and prepare them for work with the SDMs, while 
here the cells are detached with Accutase before the experiments.  Trypsin (a serine 
protease), despite its ubiquity in many tissue culture protocols, is a harsh detachment agent 
and can lead to significant damage to the cellular membrane.  The switch to Accutase was 
made in order to better preserve the membrane and make the results from SDM sampling 
more biologically relevant.  With these points in mind, it follows that cells detached with 
trypsin would be more amenable to material exchange with the SDMs as their membrane is 
already significantly disrupted.  Furthermore, this would explain the presence of tethers in 
the original work, but not that presented here, as the Accutase helps to keep to retain the 
membrane’s original integrity and not allow for such easy manipulation of its material. 
It is also worth noting at this point that the coating method used for the SiO2-core 
SDMs provides a lipid bilayer, rather than a monolayer coating.  This is significant, as the 
trans-membrane CAAX-anchored GFP being sampled sits partially in a lipid bilayer.  When it 
is sampled with the solid-core SDMs, it will also sit in a bilayer, leaving it in a more natural 
configuration than after being removed by the original monolayer-coated oil-core SDMs.  The 
more natural environment provided by these new SDMs is an advantage as they progress to 
use outside of test systems. 
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4.6.5. Single vs. Multiple Bilayer Coatings 
 
 A possible reason why only some of the coated particles sample may be that those 
particles have differing numbers of bilayers surrounding them.  The coating protocol is 
designed to give one bilayer per particle, but in practice is likely to produce a distribution of 
coatings, where some particles have no bilayers surrounding them, and some have more 
than one.  To test this, the fluorescence levels of the coated particles with fluorescent tags 
used in 4.6.3. Verification of Coating Protocols, were examined and plotted as a histogram 
(figure 54).  It was hypothesized that particles with multiple bilayers around them would 
contain greater numbers of fluorescent tags than those with only a single bilayer, and would 
thus produce greater fluorescence intensity measurements. 
 
54.  Distribution of fluorescence intensity for coated silica beads 
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Distribution of fluorescence intensity values for coated silica particles with fluorescence-
tagged lipids.  The sample size is approximately 350 SDMs.  The parameters for the 
Gaussian fit are listed in Table 4. 
. 
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 Assuming that the fluorescent lipids are evenly distributed across the bilayers that 
form on the particles, and that this would give a Gaussian distribution of fluorescent 
intensities, Origin’s fitting algorithms123 were used to see whether it was likely that the total 
histogram was comprised of two or more subpopulations.  This was done by assuming that 
the majority of the data would have a single bilayer, and that a single bilayer would fluoresce 
less than a double bilayer.  Removing a Gaussian distribution centred on the left-most side 
of the total distribution (the “single bilayer” distribution), gives the populations shown in figure 
55, with the fitting parameters summarised in Table 4. 
 
55.  Separation of distribution of fluorescence intensity into 2 populations 
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Total fluorescence histogram separated into proposed “single bilayer” (black) and “multiple 
bilayer” (red) distributions.  The parameters for the Gaussian fits are summarised in Table 4. 
. 
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Table 4:  Gaussian fit parameters for fluorescence intensity distribution of coated 
silica beads 
Distribution Percentage of total data X0 Adjusted R-Square 
Total 100 75.0 ± 1.90 0.862 
Single Bilayer 82 70.3 ± 0.932 0.939 
Multiple Bilayers 18 111.0 ± 1.26 0.921 
 
Summary of Gaussian fit parameters for the total distribution of the fluorescently-tagged 
SDMs, as well as the proposed single-bilayer and multiple bilayer populations.  X0 is the 
value around which the calculated fit is centred. 
 
 The improved adjusted R-Square values relative to the total distribution for both of 
the proposed single bilayer and multiple bilayer populations indicate that breaking the 
distribution down in this way is a more appropriate way to consider it.  Interestingly, the 
percentage of the total distribution contained in the multiple bilayer population is exactly the 
same as the percentage of successful solid-core SDM experiments.  This perhaps suggests 
that it is the SDMs coated with multiple bilayers that are responsible for sampling.  There 
could be some merit in this idea, especially when the relative forces on bilayers stacked 
around a SiO2 bead are considered.  The bilayer closest to the bead will experience 
electrostatic forces between the polar head groups of its lipids and the bead, which will 
decrease with the increased distance of each additional bilayer.  Without this additional 
force, the outer bilayers will be less rigid, and be more easily able to reorganise themselves 
to accommodate proteins from the target cells.   
 To check that these findings are not pure coincidence, a larger data set was taken in 
order to recreate the fluorescence histogram from a bigger sample size.  The results are 
shown in figure 56 and figure 57, with the Gaussian fits summarised in Table 5.  The good 
adjusted R-square values for these distributions add weight to the original findings, though 
slightly different amounts of the total data are contained in each distribution.  
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56.  Repeat of the distribution of fluorescence intensity for coated silica beads 
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Repeat of the distribution of grayscale fluorescence values for coated silica particles with 
fluorescence-tagged lipids.  The sample size is approximately 5000 SDMs.  The parameters 
for the Gaussian fit are listed in Table 5 
. 
Table 5:  Gaussian fit parameters for the repeat of the fluorescence intensity 
distribution of coated silica beads 
Distribution Percentage of total data X0 Adjusted R-Square 
Total 100 78.2 ± 0.455 0.969 
Single Bilayer 72 74.5 ± 0.201 0.989 
Multiple Bilayers 28 90.6 ± 0.450 0.924 
 
Summary of Gaussian fit parameters for the repeats of the total distribution of the 
fluorescently-tagged SDMs, as well as the proposed single-bilayer and multiple bilayer 
populations.  X0 is the value around which the calculated fit is centred. 
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57:  Separation of the repeat of the distribution of fluorescence intensity into 2 
populations 
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 Total fluorescence histogram of the repeated data separated into proposed “single bilayer” 
(black) and “multiple bilayer” (red) distributions.  The parameters for the Gaussian fits are 
summarised in Table 5. 
 
 For additional verification, samples of uncoated particles, coated particles (solid-core 
SDMs), and coated particles with fluorescein DOPE dye were sent to the Imperial College 
Fluorescence-activated Cell Sorting (FACS) service for analysis.  The results are shown in 
figure 58 and Table 6.  Again, multiple populations are observed in the SDMs with 
fluorescent dye, which would be well explained by having beads with differing numbers of 
bilayers, with the more bilayers causing higher fluorescent intensity.  The noisy distributions 
for un-dyed and uncoated particles show these populations to be not simply due to intrinsic 
fluorescence from the SiO2 beads themselves.  The FACS results also have the resolution to 
show multiple distributions beyond the single-bilayer population, indicating that there are 
progressively smaller numbers of particles with 3, 4, 5+ bilayers and the correspondingly 
higher median fluorescence intensity. 
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58.  FACS results for coated silica beads 
 
Comparison of FACS data for particle populations.  (a):  Uncoated SiO2 beads (b):  SiO2-
core SDMs  (c):  SiO2-core SDMs + 1% Fluorescein DOPE.  These graphs show histograms 
of fluorescence intensity for the respective populations of beads.  For the beads with 1% 
Fluorescein DOPE, multiple sub-populations can be seen, separated by increasing median 
fluorescence intensities. 
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Table 6:  Populations from FACS data of coated silica beads 
Population # of Events % of Parent Population FITC-A Median 
P1 (Red) 43,178 43.2 14,219 
P2 (Green) 25,042 25.0 23,070 
P3 (Blue) 10,247 10.2 31,841 
P4 (Purple) 5,313 5.3 39,041 
P5 (Not shown) 5,422 5.4 51,698 
P6 (Not shown) 2,517 2.5 85,978 
 
Statistics of populations in the FACS data for SiO2-core SDMs +Fluorescein Dye.  The 
colours listed refer to the graph in (c) in figure 58 above. 
 
4.6.6. Addition of a charged surfactant 
 
 In an attempt to improve the sampling rate of the SiO2-core SDMs, the possibility of 
changing the bilayer coating was investigated.  If the current model of action of SDM via 
bilayer fusion and lipid exchange is correct, then a key factor in the efficiency of material 
transfer is the proximity of the SDM to the target cell during incubation.  The extracellular 
matrix of the cell can make it difficult to achieve contact between the SDM and cell, and the 
resolution limit on the microscope makes it hard to tell precisely if contact has occurred.  
With this in mind, it was thought that the addition of a cationic surfactant to the bilayer 
coating of the SDM might improve the trapping efficiency by leveraging an electrostatic force 
to draw the SDM into contact with the cell when in close proximity.  For these experiments, 
dimethylditetradecylammonium chloride (DMDTAB) replaced DOPE in the composition of 
the coating bilayer, at a ratio of 1:9 DMDTAB:DOPC.  Greater ratios of 2:8 and 3:7 were also 
investigated, but the resulting particles were so cationic that they adhered immediately to the 
surface of the experimental chip. 
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Table 7:  SDM sampling efficiency after addition of DMDTAB 
 N Successful % Unsuccessful % Stuck % 
1:9 DMDTAB:DOPC 62 31% 40% 29% 
 
Summary of results of SiO2-core SDMs with bilayers including the cationic surfactant 
DMDTAB.   
 
 The results (Table 7) show a significant 13% improvement in the sampling success 
rate when compared to SDMs with bilayers comprised of DOPC:DOPE (Table 3).  
Surprisingly, a 10% decrease is also seen in the rates at which SDMs remain stuck to their 
target cell at the end of the period of incubation.  Logically, this rate would be expected to 
remain constant, or more likely rise as a result of having an extra force attracting them to the 
cell.  One possible explanation could arise from the tendency of multiple cationic SDMs to be 
caught in the same trap, likely as a result of their charged state altering their trapping 
characteristics.  This could lead to several SDMs being in contact with the cell, and some, 
but not all of them remaining stuck at the end of the incubation period.  Care was taken to try 
and ensure that multiple particles were not caught in the same trap, but the relatively low 
resolution on the microscope combined with the small size of the particles makes it difficult 
to be completely certain.  Conversely, it could also be that this rate decreased as a result of 
user experience with handling the SDMs, as this work was the last completed 
chronologically.  Whatever the case, the marked improvement in both sampling rate and 
rates of stuck SDMs mean that cationic SDMs are likely to be preferred when taking these 
experiments forwards.  
 
4.7. Conclusions 
 
 The work in this chapter has taken the SDMs originally created by Lanigan et al. and 
developed them into a more practical, biologically relevant tool.  The switch from oil-core 
monolayer-coated droplets to solid-core bilayer-coated beads represents significant progress 
for two key reasons.  Firstly, the solid-core contributes greatly to SDM stability and their ease 
of manipulation with optical traps.  Without the danger of the SDMs collapsing into each 
other or floating out of trapping range, the implicit pressure to rush through experiments 
featuring SDMs before they become unusable is alleviated.  They also remain more stable 
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within the optical traps themselves, lessening the danger of losing an SDM out of the trap 
mid-experiment.  This increased stability enables them to be exported to environments that 
are not so tightly controlled and regulated as the original microfluidic chips were, as 
demonstrated by the switch to simple covered perfusion chambers for the majority of 
experiments in this chapter.  A related point is that the weight of the SiO2-core causing this 
new variety of SDM to sink, rather than float, which allows for their use in deeper chips as 
they will naturally settle near the bottom, in trapping range.  Such increased versatility and 
stability will be particularly useful when the SDMs are introduced to a wider array of cell 
types and target proteins in different circumstances. 
 The second key advantage is the bilayer coating of the SiO2-core SDMs.  The lipid 
bilayer that surrounds the bead in the new SDMs is more similar to the environment of its 
target proteins than the monolayer which surrounded the original SDMs.  As the target 
proteins are membrane-bound, they naturally reside at least partially within a bilayer.  
Moving them from the bilayer of the cellular membrane to the bilayer with the new SDMs is 
more likely to keep the protein functionally active as compared to movement from the cellular 
membrane to a monolayer, or having its local environment solubilised by the detergent-
based SDMs.  The evidence of multiple populations with differing numbers of bilayers within 
the solid-core SDM population suggests that the greater fluidity afforded to the outer bilayer 
as well as the ability of the protein to sit in a bilayer rather than the monolayer on the oil-core 
SDMs, may lead to a greater chance of sampling.  This too points to having SDMs coated 
with bilayers as being an optimal direction. 
 These two advantages suggest that the future of SDMs lies with the use of a solid 
core and a bilayer coating.  In addition, work with adding cationic surfactants to the coatings 
indicates that the addition of charge can make significant improvements in sampling 
efficiency.  Getting the level of charge right is a delicate issue however, as more charge 
should lead to a greater attraction between SDM and cell, leading to a better chance for 
material exchange.  Having too much charge though, leads to the SDMs becoming so 
strongly attracted to the cells and nearby surfaces that the optical traps can no longer control 
them, losing spatial selectivity and leading to the levels of instability that caused the 
redevelopment of the SDMs in the first place.  The current ratio of DMDTAB seems effective, 
and points to the future of SDMs having a solid core for easy trapping and high stability, a 
bilayer coating to provide a near-native environment for their protein cargo, and featuring 
some level of charge to aid in inducing cell contact and material transfer. 
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5. Development of Readout Methods for 
Smart Droplet Microtools 
 
5.1. Introduction 
 
 The ability to remove proteins from the membrane of a living cell with spatial 
selectivity makes the SDM a useful tool in its own right.  The information that can be 
gathering from a loaded-SDM on its own is, however, limited in two primary and linked 
aspects.  Firstly, only relative conclusions may be drawn by monitoring the fluorescence of 
post-sampling SDMs.  It is possible to conclude that a given protein is expressed more in a 
certain region of the membrane than in another, but not to determine the absolute numbers 
of proteins in those regions.  Secondly, the proteins of interest must be fluorescently tagged 
in order to be analysed at all.  It is possible (and indeed likely) that proteins other than 
CAAX-Anchored GFP are transferred to the SDM during sampling, but currently these 
proteins are being discarded, unnoticed. 
 The path to fixing such issues with the sampling methodology lies in the development 
of techniques to unload the material from the sampling agent.  Here, two different methods 
of unloading are presented.  Unloading into an artificial membrane provides the advantage of 
unloading the removed proteins into an environment similar to that from which they were 
removed.  Antibody microarray patches are, on the other hand, an unknown quantity for 
removal of these proteins.  These patches do provide the advantage of potentially being able 
to determine the total numbers of proteins in a given SDM, providing a benefit too great to 
ignore.  The interfacing of the optical trapping methods used for cell sampling with the new 
readout technologies leads to challenging, multi-step procedures where many different 
techniques rub up against each other. 
 
5.2. Artificial Membranes 
 
A parallel research interest to single-cell studies, which is more focused on single 
parts of cells at the molecular level, is the analysis and characterization of membrane 
proteins. There is good reason for scientific interest in this field, as currently more than 60% 
of available drugs act on membrane proteins.  Moreover, the human genome project 
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suggests that more than 30% of all proteins are membrane bound124.  Owing to the 
complexity of the biological membrane, work has been ongoing for over 30 years in attempts 
to create simple model systems125.  In particular, solid supported lipid bilayers (SSLB), a lipid 
bilayer suspended above a substrate by a thin layer of water (see figure 59), have been 
widely used as analogues to the cell membrane in a variety of biosensor applications126.   
 
59.  Solid-supported lipid bilayer 
 
Schematic of a solid-supported lipid bilayer.  The lipid bilayer is separated from the solid 
support by a small layer of water125. 
 
There are three primary methods of SSLB fabrication125.  The first method sees the 
creation of two separate lipid leaflets which are pressed together in the Langmuir-Schaefer 
procedure127.  The second method drops vesicles from an aqueous solution onto the surface 
substrate, where they fuse into the SSLB128.  Finally, an SSLB can also be created by a 
combination of the two previous methods, where a lipid leaflet is laid on a surface substrate, 
and a vesicle arrive to fuse and create the bilayer129.  These methods are shown 
schematically in figure 60. 
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60.  Methods of SSLB formation 
 
Illustration of the three primary methods of SSLB formation.  (a) leaflet construction using the 
Langmuir-Schaefer procedure (b) two vesicles fuse with the surface substrate (c) 
combination of the first two methods125. 
 
For the development of the biosensor platforms for which SSLBs are used as 
analogues, the biggest challenge remains the isolation and incorporation of target 
membrane proteins, and a variety of techniques for this have been demonstrated.  One 
approach is to isolate whole cell membrane fragments in form of vesicles and then to 
transfer them to the SSLB130, 131. This technique introduces membrane fragments from a vast 
number of cells into the system at once.  Another approach is the isolation of the desired 
membrane protein by specific disintegration techniques, and then stabilizing them by (for 
example) detergent molecules followed by integration into the bilayer130-132.  In general, 
proteins for SSLB-integration need to either be reconstituted into vesicles followed by vesicle 
fusion or conversely, have bio-specific protein-introduced functionalities for directed protein-
bilayer formation131, 133.  Consequently, the necessary preparation steps for these isolation 
and reconstitution protocols can be very time consuming.  Moreover, removing a protein 
from its natural and hydrophobic environment and reconstituting it into another is a 
challenging process that can damage the protein or result in less than optimal 
functionality131.  
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5.3. Antibody Microarrays 
 
 Modern methods for the detection of single molecules can be traced back to work 
published in 1976 by Thomas Hirschfeld showing the detection of single molecules at room 
temperature134.  Since then, advances in both illumination and detection methods have 
brought the field of single molecule detection to a new level135.  In particular, being able to 
determine levels of protein within individual cells provides the ability to circumvent the 
problems inherent in averaging methods discussed previously in Chapter 1., Introduction. 
 Microarrays provide a useful platform for single molecule analysis, allowing for fast 
and efficient presentation of a multitude of binding events from a single source.  The 
incorporation of antibodies in these microarrays gives high specificity to the target proteins, 
and can be used in two primary configurations: direct capture, or sandwich (figure 61).  
Direct capture antibody microarrays capture only the protein of interest, which must be pre-
labelled with GFP or a similar fluorescent protein136.  Sandwich arrays first capture an 
unlabelled protein using a primary antibody, and after this immobilization, a secondary 
antibody is introduced for detection137, 138.  This secondary antibody binds to a different 
epitope of the target protein to the primary, and is labelled, often fluorescently, for detection.  
As two binding events are required for a single detection in a sandwich array, there is a 
reduced risk of recording false positive results.   
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61.  Direct capture and sandwich antibody arrays 
 
Direct capture and sandwich antibody arrays.  A:  direct capture antibody array with 
fluorescently-tagged target protein.  B:  sandwich antibody array with fluorescently-tagged 
secondary antibody. 
 
5.4. TIRF Microscopy 
 
 Total internal reflection fluorescence (TIRF) microscopy is a technique used to 
illuminate only the volume immediately around the surface on a microscope slide or 
coverslip.  Laser light is totally reflected off the surface of the sample according to Snell’s 
law, which generates an exponentially-decaying electromagnetic field known as an 
evanescent wave139.  This leads to the key feature of TIRF microscopy: that it only 
illuminates an area around 100nm in depth.  This shallow illumination depth makes TIRF a 
preferred technique for studying molecular events on the surface of cells which might be 
obscured by other bulk events in the cytoplasm such as those involved in endo- and 
exocytosis, intracellular signalling, and in particular, cell-substrate contact and adhesion140.  
This appeal is illustrated in figure 62.  In addition to its direct application to cell biology, TIRF 
also makes good partner for antibody microarray illumination, due to the single molecules of 
interest being bound close to the surface of the cover glass. 
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62.  TIRF microscopy on an adherent cell 
 
Illumination of an adherent cell with TIRF microscopy140.  Only molecules close to the 
surface are illuminated (highlighted in green), while those spread throughout the bulk of the 
cytoplasm are not (in light grey).  θ shows the angle of incidence of the laser beam, while θc 
is the critical angle necessary for total internal reflection, determined by the ratio (n1/n2) of 
the refractive indices of the sample (n1) and cover slip (n2). 
 
5.5. Materials and Methods 
 
 The goal of this stage of the project was to load a SDM with material from a single 
cancer cell, and then unload that material into some kind of readout method.  The readout 
methods selected were solid supported lipid bilayers, for their similarity to the membrane 
protein’s native environments, and antibody microarrays, for their ability to give 
measurements of the total number of sampled proteins.  With these methods in mind, some 
of the complexity eschewed for the experimental chips in 4.5.5. Chip Preparation had to be 
reinstated to give a more controlled environment. 
 
5.5.1. Preparation of Chambers: 
 
The experimental chambers used for the “Drag-and-Drop” experiment were 
comprised of a self-made polydimethylsiloxane (PDMS) (Sylgard 184 Elastomer Kit, VWR) 
chip which is illustrated in figure 63.  The PDMS mold was fabricated according to the 
manufacturer’s guidelines, and after drying it was mounted to 1 mm thickness cover glass 
(VWR).  The completed chip consists of three chambers, one acting as a reservoir for 
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particles, one holding the cells, and the final one containing the lipid bilayer.  The diameter of 
each chamber was 4 mm, and the connections between them were created by cutting 
channels into the PDMS with a razor blade. 
 
63.  Chip for SDM experiments with SSLBs 
 
Schematic illustrating the design of the chip used to perform SDM experiments with SSLBs. 
 
5.5.2. Preparation for the “Drag-and-Drop” Experiment 
 
Prior to the experiments, 5 µl of freshly split cells (cultured according to 4.5.2., Tissue 
Culture) were transferred to the cell chamber of the experimental chip, and 10 µl of a 0.01% 
SDM solution was added to the S-layer coated particle chamber.  After 5 min resting time, 
the chambers were then filled with pre-filtered 10 mM HEPES buffer (150 mM NaCl, pH 7.4, 
Gerbu).  The membrane was prepared in its own chamber (see 5.5.4., Solid Supported S-
Layer Stabilized Lipid Bilayer Generation) before all other steps and care was taken to avoid 
mixing of all three chambers.  After all chambers had been filled with HEPES buffer, they 
were sealed with sealing foil (Grace Bio Labs) to avoid evaporation during the experiment.  
 
5.5.3. Particle Coating Procedure 
 
A silicone dioxide particle suspension in HEPES buffer was used for lipid bilayer 
coating. 100 nm vesicles composed of DOPE and DOPC in the molar ratio of 3:1 were 
prepared in HEPES buffer by the extrusion method through a polycarbonate membrane at 
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room temperature. For the control experiments, 0.5 mol% Lissamine rhodamine DOPE 
(Avanti) was added as well. 10µl of a 5% SiO2 particle dispersion (1µm, Sigma Aldrich) was 
mixed together with 500 µl of a vesicle suspension (2.08x10-7 mol l-1) for 3 hours under 
rotation. This led to the total surface area ratio of lipids/particles being adjusted to 15: a ratio 
which is known to form a single lipid bilayer around the beads119, 120.  They were then 
washed twice with Milli-Q water (Millipore, Molsheim, France, resistivity: 18.2 MΩ cm-1) 
followed by HEPES buffer. Between each washing step, the suspension was centrifuged 
(4.5 rct, 1 min) and the pellet was vortexed with the new washing solution until complete 
dispersion was achieved.  
 
5.5.4. Solid Supported S-layer Stabilized Lipid Bilayer Generation 
 
The lipid bilayer generation was performed exactly in the same way as described in a 
recent paper by Schrems et al.141, and performed with the aid of Angelika Schrems.  Firstly, 
the isolated S-layer protein SbpA of Lysinibaccilus sphaericus CCM 2177 was recrystallized 
on a cover glass surface at a concentration of 0.1 mg ml-1 in a recrystallization buffer 
containing 0.5 mM Tris/HCl (Sigma), and 10 mM CaCl2 (98%, Sigma) at pH 9.  This layer 
acted as the layer between the glass surface and the bilayer. The isolation and 
recrystallization procedure of this protein is described in more detail elsewhere.142 The 
bilayer was then formed via a modified vesicle fusion technique triggered by a β-diketone 
ligand (synthesized by Christian Stanetty, BOKU, Chemistry Department according to 
Marchi-Artzner et al.143).  This ligand was incorporated at 1 mol% in a 1 mg ml-1 lipid-CHCl3 
solution composed of L-α-phosphatidylcholine (Egg-PC) and 1,2-ditetradecanoyl-sn-glycero-
3-phosphoethanolamine (DMPE), in the molar ratio of 4:1 (both from Avanti polar lipids).  
Next, vesicles were formed in 0.5ml of 200 mM sucrose. The size of these vesicles was 100 
nm across all experiments, adjusted by an extrusion method through a polycarbonate 
membrane.  The vesicles were then diluted with 200 mM glucose solution to a final 
concentration of 0.5 mg/ml and bound via EDC (15 mg/ml, Sigma Aldrich) coupling on the S-
layer surface at pH 4.5 (adjusted with 0.1 M HCl).  The addition of 1 mM EuCl3 (Sigma 
Aldrich) causes immediate fusion of the vesicles to occur, forming a planar lipid bilayer.  The 
surface is flushed afterwards with 200 mM glucose solution, followed by Milli-Q water and 
finally with HEPES buffer. 
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5.5.5. Antibody Chip Preparation 
 
 The antibody experiments were performed in microfluidic chips designed by Ali 
Salehi-Reyhani and Joseph Kaplinsky144 (figure 64), and manufactured with the assistance 
of Edward Burgin.  The base of these chips were single coverslips with anti-GFP spots 
(1mg/ml anti-GFP 4E11 (Peter Parker, CRUK) mixed 1:1 with Arrayit printing solution) 
printed onto them with an Omnigrid microarrayer (Genomic Solutions), with immobilised 
Tetramethyl Rhodamine Isothiocyanate (TRITC) (2μg/ml TRITC conjugated Streptavidin) 
used for visualisation of the spot.  The bulk of the chips were built from PDMS (Sylgard) 
using a SU-8 (Microchem) master from the original specifications.  After cleaning with 
ethanol and drying with compressed nitrogen gas (BOC), the PDMS was fitted to a coverslip 
with anti-GFP spots printed onto it.  This was done using custom alignment apparatus fitted 
to a Nikon 2000E microscope.  As the Van der Waals forces between the coverslip and 
PDMS are sufficient to hold the components together, plasma bonding is unnecessary.  After 
de-gassing using a vacuum pump, the completed chip is checked for leaks and is then ready 
for use. 
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64.  Microfluidic chip arrangement for antibody experiments 
 
Schematic illustrating the microfluidic chip arrangement used for antibody experiments.  A: 
Entry points, B: cell chambers, C: waste removal 
 
 The chip was designed to allow for multiple inputs while providing good isolation in 
the cell chambers (B in figure 64).  It also facilitates automated single cell sorting, though this 
was not used in these experiments.  The microfluidic device was controlled using equipment 
from the Labsmith CapTite range (Sandia National Laboratories), which provided a 10nl 
resolution and 1% flow rate accuracy with its syringe pump. 
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5.5.6. TIRF Microscopy 
 
 A Nikon Ti-E microscope fitted with a perfect focus system (PFS) was used to 
perform the antibody experiments.  TIRF illumination was provided by a 200mW 473nm CW 
fibre laser (MBL, China) coupled into a 20x objective.  About 10% of the laser light reaches 
the sample plane, though this is sufficient for bleaching of the analyte in the chips.  In 
addition, a single-beam fixed optical trap is fitted to the microscope, powered by a 5W 
Ytterbium fibre laser NIS elements software is used to control the microscope, while the PFS 
allows the microscope to retain focus at the level required for single molecule counting using 
the antibody spots. 
 
5.5.7. Experimental Protocol 
 
 The two lines of experiments for SDM unloading both used a broadly similar 
experimental method, with concessions based on the environment required for the specific 
readout method.  In both cases, cells and SDMs must be loaded into the chip in an isolated 
manner, then an SDM selected and used for sampling, before finally being brought to the 
unloading area and measurement attempted. 
 
5.5.8. Solid-Supported Lipid Bilayers – The “Drag-and-Drop” Experiment 
 
For a successful membrane protein transfer, a total of 5 major steps had to be 
completed (figure 65): particle trapping (step 1), transport to cell (step 2), cell interaction and 
“protein-sampling” (step 3), transport of the loaded-SDM to the bilayer (step 4), and transfer 
to SSLB (step 5).  The entire experiment is performed on the holographic trapping system 
described in 4.5.1. Holographic Optical Trapping System.  In most cases a maximum of 
three particles were trapped due to the overall complexity of the drag-and-drop experiment.  
The particles are then transported to the cell chamber (step 2) by holding the optical trap 
stationary relative to the field of view, and then repositioning of the mechanical stage. Once 
there, the SDMs are brought in close contact to the cells so that interaction and transfer can 
be initiated (step 3). A successful uptake is defined as a modification of an SDM from an 
initial non-fluorescent state into a fluorescent one after interaction and extraction.  As these 
are DOPE/DOPC-coated silica beads, a successful uptake from the cell to the particle 
occurs in around 20% of individual contacts (see 4.6.4. Sampling Success Rate), though 
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there is an approximate 50% success rate for at least one uptake from a cluster of three 
particles in contact simultaneously.  Figure 66 is provided as an example of SDMs which 
have taken up material from the target cell.  After sampling, the particles are transported to 
the membrane chamber (step 4), again through the repositioning of the mechanical stage.  
Once in the membrane chamber, the trapped particles are dropped directly down in the z-
direction, by adjusting the position of the trapping objective, onto the SSLB (step 5).    Due to 
the similarity between way that material is removed from the cells in one chamber and 
deposited in another, with the process of moving files on a computer, the whole process is 
termed the “Drag-and-Drop“ experiment. 
 
65.  The "Drag-and-Drop" experiment 
 
Experimental Protocol for SDM sampling and deposition onto a SSLB, the “Drag-and-Drop” 
experiment. 
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66.  SDMs after membrane protein removal 
 
Example of SDMs that have taken up material from the target cell.  Three SDMs, marked 
with arrows, have removed GFP from the target cell, and can be seen fluorescing at the top 
of the images.  The position of the three SDMs, seen at the top of the bright-field image (A) 
is consistent across both fluorescence (B) and false colour (C) images. 
 
5.5.9. Unloading Controls 
 
Before the whole drag-and-drop experiment was attempted, step 5 was first proofed 
for applicability on fluorescent lipid labelled particles.  Here, the fluorescent lipid lissamine 
rhodamine DOPE was added in the membrane core of the SiO2 beads.  For this experiment, 
a PDMS chip with two-chambers has been utilized as discussed previously in 4.5.5. Chip 
Preparation. 
To verify that the particles were coated correctly, bright field and fluorescence 
images were taken of the lissamine rhodamine-loaded SDMs (figure 67).  Then transfer of 
material from the SDMs to the surface was then attempted in the following manner: first, an 
image was taken above the surface, corresponding to the maximum fluorescence intensity.  
Second, the particle was dropped vertically onto the surface by holding the optical trap 
stationary and adjusting the height of the stage on the microscope.  As soon as the target 
particle adhered to the surface, the trap was switched off.  The SDMs exhibited a small 
degree of Brownian motion while both free in solution, and to a lesser extent while trapped.  
Once this motion had ceased, the SDMs were judged as being stuck to the surface.  Images 
were immediately recorded after transfer (approximately 30 seconds after first contact) and 
repeated every 5 minutes over a period of 20 minutes.  In these steps, care was taken to 
keep the focus and the exposure time the same for each image.   
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67.  Verification of dye uptake in SDMs 
 
Images used to verify that the SDMs have taken up the fluorescent dye.  A: Bright-field; B: 
Fluorescence. 
 
5.5.10. Antibody Microarrays 
 
 The procedure for the experiments involving unloading SDMs onto an antibody 
microarray was similar to those with unloading onto a SSLB, with necessary changes made 
as a result of the different chip arrangement.  Instead of using the holographic trapping 
system however, these experiments were performed on the TIRF system described in 5.5.6. 
TIRF Microscopy.   Standard BE cells with CAAX-anchored GFP were first slowly flowed into 
the system using one of the entry ports on the chip (A on figure 64).  Healthy cells were 
selected from the flow (A in figure 68, below) using the fixed-position optical trap and 
positioned into several of the antibody chambers (B on figure 64) by moving the mechanical 
stage.  The remainder of the cells were then flushed through the system with PBS.  Next, the 
coated silica-based SDMs were introduced into the chip via controlled flow.  The use of a 
sufficient volume of SDMs led to many of them settling in the staging area next to the 
antibody chambers, where they could be examined and selected using the optical trap (B in 
figure 68, below).  The selected particles were brought into the antibody chambers 
individually where sampling was attempted by holding the particle in contact with the target 
cell for 3 minutes.  After sampling, the SDM was positioned over the antibody patch, and 
dropped down onto the surface of the antibodies.  The patch was then monitored in TIRF 
mode to look for single molecule binding events over a period of 30 minutes. 
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68.  Selection of cells and SDMs in an antibody microarray chip 
 
Selection of cells (A) and SDMs (B) from the staging area in the antibody microarray chip.  
The staging area is at the bottom left of the images, while the channel leading to the 
antibody chamber is in the top right.  The position of the optical trap is marked with a red 
box. 
 
5.5.11. TIRF Image Analysis 
 
 The .avi file generated from the antibody microarray experiments was analysed using 
FIJI (Fiji Is Just ImageJ145), an expanded version of ImageJ146 with many useful extra 
features.  The movie file is first converted into an image stack, which is then duplicated.  The 
duplicate stack has a Gaussian blur filter applied to it, and the original is then divided by the 
blurred duplicate, in order to reduce variance across the image due to uneven illumination.  
As the position of the optical trap holding the SDM is marked on the image, the mean and 
standard deviation of the intensity levels in the background can be then be taken.  As the 
single-molecule binding events are greatly more intense than the background levels of 
fluorescence intensity, a threshold can then be applied to remove everything in the image 
within 3 standard deviations of the mean.  Finally, counts of binding events can then be 
taken using the “Analyse Particles” function of FIJI, both around the SDM’s position in the 
optical trap, and across the rest of the image to provide a background level.  A typical TIRF 
image is shown in figure 69, along with an overlay of the binding events picked up by the 
image analysis.  For reference, particles were analysed in a 30x30 pixel area around the 
optical trap, twice the width of the marked trap. 
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69.  Selection of binding events by image analysis 
 
Raw image directly from the TIRF output (left) and with the binding events picked up by 
image analysis highlighted in green and circled in orange (right).  The red square shows the 
position of the SDM in the optical trap.  The brightness was adjusted in the right image to 
help with the contrast of the highlighted binding events. 
 
5.6. Results and Discussion 
 
 In order to validate the SSLB as a readout method, a series of SDMs pre-loaded with 
fluorescent dye were formulated and then unloaded onto the SSLB.  Success in this 
experiment would suggest that the SSLB is broadly applicable as an unloading method for 
SDMs, and could then be tested under single cell conditions.  Unfortunately, the antibody 
microarray could not be tested in the same way, as the antibodies used to bind single 
molecules for TIRF readout were specific to GFP, and a lipid dye could not be substituted.  
As such, loading SDMs with fluorescent lipid dye and dropping them onto the antibody 
microarray would have no effect.  This meant that the experiments with the antibody 
microarrays had to attempted “blind”, directly from single cell sampling, without prior 
indication of whether or not the microarray would be able to read out material from the SDM. 
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5.6.1. Unloading Controls – Solid Supported Lipid Bilayers 
 
 The experiments for unloading SDMs onto surfaces focussed on monitoring the 
decrease in fluorescence in the SDM, rather than on the increase of fluorescence on the 
surface.  As the surface has a surface area orders of magnitude larger than that of the SDM 
coating, diffusion of GFP/fluorescent dye across the surface would make it practically 
impossible to detect an increase in fluorescence levels due to the unloading of material from 
an SDM.  Instead, by comparing the decrease in the decrease in fluorescence of a GFP/dye-
loaded SDM when it comes in contact with a SSLB with the corresponding decrease when in 
contact with either plain cover glass or S-layer, it was hoped that it could be shown that the 
loaded material would only migrate into the SSLB.  The results of the control experiments 
using pre-loaded SDMs are shown in figure 70 and figure 71 
 
70.  Fluorescence decrease of SDMs on glass 
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Comparison of fluorescence decrease in SDMs when pre-loaded SDMs are brought into 
contact with SSLBs and glass. 
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71.  Fluorescence decrease of SDMs on SSLBs 
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Comparison of fluorescence decrease in SDMs when pre-loaded SDMs are brought into 
contact with SSLBs and S-layers. 
 
 The results, fitted with standard exponential decay curves, show a marked difference 
between the fluorescence decay when loaded SDMs come into contact with SSLBs as 
compared to contact with both naked glass and S-layer.  Conversely, the fluorescence decay 
when in contact with S-layers and cover glass are very similar, with only a small ~30% 
decrease over the monitoring period, likely due to bleaching.  Considering these differences 
and similarities, a likely model of SDM-surface interaction is suggested (illustrated pictorially 
in figure 72).  With the fluorescent dye embedded in the bilayer surrounding the SDM, it has 
nowhere to diffuse to when brought into contact with both the glass surface, and the S-layer, 
and remains concentrated in the SDM.  When in contact with the SSLB, however, fusion 
occurs between the SDM and the SSLB, and the dye is free to diffuse quickly throughout the 
surface-coating bilayer. 
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72.  Fluorescent dye-loaded SDM in contact with various surfaces 
 
Illustration of the mechanics of a fluorescent dye-loaded SDM in contact with various 
surfaces.  A:  SDM and cover glass; B:  SDM and S-layer; C:  SDM and SSLB 
 
5.6.2. The “Drag-and-Drop” Experiment 
 
 With evidence that material can be transferred from SDMs onto SSLBs, the “Drag-
and-Drop” experiment was then attempted.  Successfully completing the experiment proved 
difficult, due to the number of steps involved where the experiment could fail.  For example, 
SDMs could be lost from the optical trap during transport between chambers (steps 2 and 4 
in figure 65) or the SDMs themselves could fail to sample when in contact with the target cell 
(step 3 in figure 65).  In addition to these issues, sampling stage of the experiment should be 
completed in a short period of time, less than 30min, in order to avoid damage to the cells 
which could lead to the leakage of material into the experimental media68.  With these issues 
in mind, only a small number of repeats of the “Drag-and-Drop” experiment were completed.  
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Their results are shown in figure 73, with standard exponential fits overlaid to help guide the 
eye. 
  
73.  Results of the "Drag-and-Drop" experiments 
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Results of the “Drag-and-Drop” experiments.  The comparison of relative fluorescence over 
a period of 20min is shown between SDMs containing CAAX-anchored GFP dropped onto a 
SSLB (DnD) and onto glass (Glass).  5 repeats are shown. 
 
 The results of the “Drag-and-Drop” experiments (figure 73) show a dramatic 
decrease in fluorescence in the loaded SDM when dropped onto a SSLB as compared to 
being dropped onto untreated cover glass.  As such, this indicates a transfer of the CAAX-
anchored GFP into the SSLB.  This result is not unexpected, and the trend in decreasing 
fluorescence is very similar to that seen during the control experiments.  This is shown in 
figure 74.  The sharper decrease in fluorescence in the “Drag-and-Drop” experiments is 
likely due to there being considerably less material in a SDM loaded from a cell, as 
compared with a SDM loaded via incubation with dye.  Also, the lissamine rhodamine dye in 
the pre-loaded SDMs may diffuse more slowly through the SSLB than GFP does. 
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74.  Comparison of relative fluorescence over time during the "Drag-and-Drop" 
experiments and control experiments 
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Comparison of relative fluorescence over time between SDMs unloading onto a SSLB during 
both the “Drag-and-Drop” experiment (DnD) and during the control experiments (SSLB 
control) 
 
5.6.3. Antibody Microarray Experiments 
 
 When conducting the antibody microarray experiments, similar problems were 
encountered as during the “Drag-and-Drop” experiments.  Due to the variety of different 
techniques interfacing, the experiment proved difficult.  In particular, the flows in the 
microfluidic device made the number of optical trapping steps that had to be completed 
especially unpredictable.  Two full experiments were eventually completed, and their results 
are summarised in Table 8, below.  The figures presented are the density of the total binding 
event count per pixel in the relevant region.  The ratio shown is that of the region around the 
SDM to that of the background of the image. 
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Table 8: Results from antibody microarray experiments 
Experiment Background Density (BG) SDM Region Density Ratio 
1 0.0022 total events/pixel 0.0056 total events/pixel 2.55 SDM:BG 
2 0.0030 total events/pixel 0.0067 total events/pixel 2.23 SDM:BG 
 
Results from completed antibody microarray experiments.  
 
 These early results are encouraging, with both showing more than double the binding 
events/pixel in the area immediately around the trapped SDM when compared to the 
background binding density.  This is particularly pleasing given that neither SDM showed 
strong fluorescence after being in contact with the target cell, perhaps suggesting that 
transfer of material from cell to the SDM can occur even if it is not immediately visible.  
However, it is of course wise not to draw strong conclusions from such a small data set, 
especially as without the proper error analysis which comes when the data set grows, it is 
impossible to determine statistical significance here.  As single cell analysis often leads to 
very small data sets though, it is prudent to examine the obtained data in somewhat more 
detail.  The binding events/pixel were then determined in a series of regions across the 
viewing area level with the SDM region, to provide something similar to a line profile across 
the field of view.  The selection of these regions is shown in figure 75, with the results shown 
in figure 76 and figure 77. 
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75:  Region selection on an antibody microarray 
 
Selection of regions across the viewing area.  The SDM was dropped onto the microarray at 
pixel 300, indicated by the arrow.  The binding events/pixel were then measured in a series 
of equal areas to the left and right of the SDM’s starting position.  This provides results 
similar to a line profile across the viewing area. 
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76.  Binding density counts around the SDM in experiment 1 
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Binding density counts around the SDM in experiment 1.  The SDM has a start position of 
300, in the centre of the graph. 
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77.  Binding density counts around the SDM in experiment 2 
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 Binding density counts around the SDM in experiment 2.  The SDM has a start position of 
300, in the centre of the graph. 
 
Table 9:  Binding densities near the SDM 
Experiment SDM Binding Density Mean Binding Density Standard Error 
 of Binding Density 
1 0.0067 total events/pixel 0.0043 total events/pixel 0.0012 total events/pixel 
2 0.0056 total events/pixel 0.0038 total events/pixel 0.0096 total events/pixel 
 
Summary of binding densities in the regions around the SDM in both antibody microarray 
experiments. 
 
 Here, we see that for both experiments, the binding density in the region immediately 
around the SDM is beyond the standard error of the mean binding density in other 
neighbouring regions (Table 9).  This provides more support to the idea that single molecule 
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binding events are occurring as a result of the presence of the loaded SDM.  In addition, in 
both cases, there is a higher binding density in regions to the right of the SDM than in those 
on the left.  This could suggest that GFP is falling preferentially off the right-side of the SDM 
and binding in those regions.  Such a preference in direction could be as a result of some 
slight residual flow in the antibody chip (both chips were used under the same flow 
conditions), or perhaps due to the way the SDM sits in the optical trap: if the SDM sat askew, 
more of the its right edge could be in contact with surface than its left. 
 
5.7. Conclusions 
 
 These results represent an encouraging start in the integration of optically trapped 
SDMs with two important readout techniques.  In particular, the success of the “Drag-and-
Drop” experiment shows that the SDMs can be successfully unloaded onto a bespoke solid 
supported lipid bilayer.  This not only shows that material taken from the cell membrane can 
be transferred out of the SDM after sampling, but paves the way for interesting interfaces 
between single-cell membrane sampling and read-outs based on lipid bilayers.  Proteins 
could be sampled from multiple points on a polarised cell, and their diffusion rates through a 
lipid bilayer compared.  In addition, multiple readout chambers could be used; containing 
SSLBs with different lipid make-ups and the response of proteins from the same cell could 
be monitored to test their behaviours in different bilayer compositions.  Another further 
development of the methodology which would fit well with the above-proposed experiments 
would be integration with an optical sectioning technology.  Either confocal microscopy147 or 
TIRF microscopy140 would be good techniques to provide additional information on the 
proteins as they enter the SSLB and diffuse out. 
 The early results of the antibody microarray experiments represent an encouraging 
first step on the integration of an antibody-based readout method.  Continuing the integration 
of the SDM sampling technology with the antibody microarray readout technology represents 
the future of the SDM as a tool for single cell proteomics, and the work in this project is but 
the first few steps on the path to a robust integration.  Both completed experiments show 
increased binding events compared to background levels around the SDM, and this is 
backed up by examining the regions immediately the SDM.  Further validation of these 
findings is a matter of repetition of this particularly difficult experiment.  Doing so will not only 
elaborate on whether or not single molecule binding events as a result of the SDM can be 
detected, but will also help develop a more robust experimental protocol.  The prize is worth 
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the effort, however, as it is being able to have a single molecule read-out of the payload of a 
loaded SDM which will ultimately validate its use as a sampling method, allowing the 
leverage of the spatio-temporal sampling abilities of the SDM to compare how a target cell’s 
proteins react to stimuli across not only time, but the very surface of the cell.   
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6. Conclusions 
 
 This thesis set out to develop techniques using optical trapping for both the 
qualitative and quantitative analysis of proteins from single cells.  It tackled that goal through 
a two pronged approach in both direct manipulation of single cells, and indirect manipulation 
using Smart Droplet Microtools.  This goal has largely been achieved, and though full 
quantitative protein analysis remains elusive, significant steps have been taken towards it. 
 
6.1. Direct Manipulation of Single Cells 
  
Single HEK 293 cells transfected with GFP-PKCε were directly manipulated with 
dual-beam optical tweezers to place cells into contact with other cells.  PKCε was found to 
preferentially accumulate at points of cell-cell contact, independent of the mitotic state of 
either of the cells in contact.  Furthermore, this accumulation was found to be strongly 
affected by Ca2+, with the response of PKCε essentially doubling in strength when Ca2+ was 
removed from the experimental media.  PKCε accumulation was also seen to be triggered as 
a result of external pressure from polystyrene beads. 
 These experiments present a new role for PKCε within the cell.  While it has a well-
documented role in depolymerising the contractile ring during daughter cell separation in 
late-stage mitosis, PKCε was not previously thought to have a more general role in 
cytoskeletal restructuring.  PKCε’s accumulation at points of cell-cell contact, and in 
particular its response to external contact by polystyrene beads suggests that it may be co-
localised more generally with actin during deformation and repair of the cytoskeleton.  In 
addition, the response of the PKCε accumulation to Ca2+ chelation in the cell’s media was 
particularly surprising, given that PKCε is usually classified as a Ca2+-independent isozyme 
of PKC.  A possible link between these results may be provided by work by Furukawa et 
al.148, who report that the actin crosslinking required for dynamic reconstitution of the 
cytoskeleton is regulated by calcium.  Considering the sensitivity of PKCε accumulation to 
Ca2+ levels, and its triggering by any form of external contact with the cell, it may be that the 
new role for PKCε discovered here is related to the formation or destruction of cross-linked 
actin structures. 
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 In a wider sense, this work shows the value of optical tweezers as an “everyday” tool 
for single cell proteomics.  Through straightforward direct manipulation of single cells, with 
qualitative data analysis, a new role has been found for a key oncoprotein. 
 
6.2. Smart Droplet Microtool Development 
  
This thesis has presented work on the development of SDMs to make them a more 
practical, biologically relevant tool.  The key result of this work is the move from liquid-core 
SDMs coated with monolayers or detergent, to solid-core SDMs coated with lipid bilayers.  
This bilayer coating provides a more natural home for membrane proteins that is similar to 
the bilayer in which they (partially) reside in the plasma membrane.  Furthermore, an 
investigation into the distribution of bilayers across the solid-core particles suggests that the 
increased fluidity that comes from having multiple stacked bilayers leads to more efficient 
removal of material.  Also, the addition of charge to the SDMs in the form of DMDTAB 
significantly increased sampling efficiency, likely as a result of being an extra attractive force 
to bring the SDM closer to the target cell.   
The final sampling rates of the solid-core SDMs with DMDTAB/DOPC coatings lie at 
31%, a noticeable decrease from the original rates of 70-80% reported originally by Lanigan 
et al.66, 88.  These rates are not, however, directly comparable for a number of reasons.  
Firstly, and most importantly, the original SDM work was performed on cells which had been 
detached with trypsin, while the work presented here used cells detached with Accutase.  As 
Accutase is a significantly gentler detachment agent than trypsin, the membranes of the cells 
that it detached are less compromised, and closer to native conditions.  With this in mind, 
one would expect material exchange to be noticeably easier with trypsinised cells when 
compared to those detached with Accutase.  This did indeed prove to be the case, with the 
original liquid-core bilayer-coated SDMs failing almost entirely to sample from cells detached 
with Accutase.  In this sense, the sampling rate achieved by the bilayer-coated SDMs is 
notable, as it was obtained from more biologically-relevant cells.   
The other key difference when comparing the efficiency of the new form of SDMs to 
the old is that the new ones are considerably easier to manipulate, and can be multiplexed 
with holographic tweezers.  The liquid-core SDMs presented tremendous handling 
difficulties, which provided the driving force for the development of the solid-core model.  As 
multiple solid-core SDMs can be trapped and introduced to the target cell at once, the rate of 
at least one of three SDMs sampling rises to a respectable 67%. 
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In addition to the development of a new form of SDM, unloading of SDMs for 
downstream readout was demonstrated for the first time.  Solid-supported lipid bilayers, in 
particular, proved a natural platform for the deposition of material from a loaded SDM.  This 
is likely due to their similarity (by design) to the cellular membrane from which proteins were 
extracted – deposition becomes essentially the reverse process used for sampling.  The 
“drag-and-drop” experiments showed, for the first time, removal of membrane proteins from 
a live cell, which was then taken downstream and unloaded into a method for readout.  This 
is a hugely significant result in the development of SDM technology, as it proves the viability 
of both material extraction and downstream readout, previously unseen in work with SDMs. 
An antibody microarray with detection via TIRF was also investigated as a readout 
method.  The initial work here was inconclusive, but encouraging for future work.  The fact 
that the antibody patch appears to pull down more protein in the area directly beneath the 
loaded SDM suggests that additional development could make this into a viable platform for 
absolute quantification of material removed from single cells using SDMs. 
 
6.3. Future Work and Prospects 
  
In some respects, it feels like the work presented here has reached a midpoint, rather 
than an end, though this was always likely to be the case for a project based heavily around 
the development of tools and methods.  In particular, the work with PKCε has uncovered a 
new role for it that is perhaps not yet fully characterised.  A natural extension to this work 
would be an investigation into PKCε’s role with actin in cytoskeletal restructuring, seemingly 
the most likely explanation for PKCε accumulation at contact points.  This could be done by 
expanding the experiments with bead-cell contact points, or by introducing additional 
fluorescent tags to mark the position of actin across the cells.  Repeating the experiments 
would then indicate whether or not actin localises to contact points in the same manner as 
PKCε, contributing to the hypothesis of their shared involvement in this process. 
 The SDMs are, however, close to a finished product.  The solid-core bilayer-coated 
SDM is a functional tool for removal of membrane proteins from single cells, and can be 
easily manipulated and multiplexed with optical tweezers.  SSLBs have been validated as a 
viable readout method for SDMs and are ready for use in a variety of different applications.  
As mentioned in 5.7. Conclusions, they could be applied as a readout method for proteins 
from polarised cells, or be built in different chambers with different functional properties to 
examine protein diffusion from a single cell, for example.  More additional work should be, 
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however, performed on the use of antibody microarrays with SDMs.  The obvious extension 
of this work would be to expand on the data set presented in this thesis, though perhaps a 
better line of investigation would come in pre-loading the SDMs in a manner similar to that 
used to initially test the SSLB.  While dyed lipids would not be suitable for pre-loading into 
SDMs for antibody pull-down, SDMs could be incubated with lysate from cells with CAAX-
anchored GFP.  This could produce a strongly-loaded SDM with which to test the dynamics 
of material pull-down onto an antibody patch, and move towards absolute quantification of 
SDM material. 
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aPKC    Atypical PKC 
cPKC    Conventional PKC 
DAG    1,2-diacyglycerol 
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FIJI    Fiji Is Just ImageJ 
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nPKC    Novel PKC 
PBS    Polarizing Beam Splitter 
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PFS    Perfect Focus System 
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PKC    Protein Kinase C 
PKCε    Protein Kinase Cε 
PLC    Phospholipase C 
RBC    Red Blood Cell 
RNAP    RNA Polymerase 
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SCP    Single Cell Proteomics 
SDM    Smart Droplet Microtool 
SERCA   Sarco-Endoplasmic Reticulum ATPase 
SLM    Spatial Light Modulator 
SSLB    Solid-Supported Lipid Bilayer 
TIRF    Total Internal Reflection Fluorescence 
T-REx    Tetracycline-Regulated Expression 
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WT    Wild-Type 
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